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SUMMARY
Measurements of the response to inline flow oscillations of vortex shedding from 
certain bluff bodies have been made. Four cylinders with fixed separation points 
were exposed to a mean stream with controlled sinusoidal oscillations at defined 
frequency ratios and amplitudes. Attention was concentrated on the highly 
sensitive reduced velocity regime around the inverse of twice the Strouhal 
number, 1/2S. Synchronisation of vortex formation was first established; then, 
for conditions at which synchronisation occured, threshold amplitude was 
measured. In order to determine the common and distinguishing features of bluff 
body shape the response from cylinders having ’zero* and finite afterbody were 
investigated. Finally, for a selected cylinder, the influence, in the presence of 
oscillations, of turbulence intensity (of defined scale), solid blockage and aspect
ratio to the synchronous range were examined.
Of particular interest were the changes that occur in the characteristic period of 
vortex formation and base pressure, relevant to the design and application of 
vortex flowmeters and self induced excitations of structures in general. The 
experiments were carried out in two separate blower tunnels under various 
oscillatory flow conditions in the Reynolds number range (0 .5-5.0)x l0^  and 
amplitudes of velocity fluctuation (± A U /U ) of up to 0.3. It  was found that
amplitudes of oscillations of the order of 0.025 were sufficient to induce
frequency lock-in when the reduced velocity was close to 1/2S and, provided the 
amplitude was sufficiently large, limited synchronisation could also be induced 
near the upper and lower reduced velocities of 1/S and 1/4S. Synchronisation is 
accompanied by enhanced vortex shedding which, in turn, can lead to increased 
base suction (and therefore increase in drag force). Flow visualisation revealed 
that the near wake vortex arrangement can vary a great deal depending on the 
ratio of Strouhal numbers at the forced and self-excited frequencies (N/no). It
was concluded that the behaviour of the base pressure reflected this situation and 
that the range of synchronisation depended strongly on the stability of the 
prevailing mode of vortex shedding. The precise details of the flow were found to 
be highly dependent on body geometry and the frequency ratio N/no.
The production of oscillatory flow in the wind tunnels did not proved"  ^to be an easy \  
task. A review of the various methods that have been used in the past is 
presented. • The advantages and disadvantages of different techniques are
11
highlighted and details are given of a further method developed for use with the 
present open circuit blower tunnels of differing sizes. In the smaller tunnel, 
having a working section size of 0.3x0.3m, it was possible to produce sinusoidal 
variations of the working section flow, having peak to peak amplitude of up to 
60% of the mean flow speed and frequencies up to, typically, that corresponding 
to the acoustic quarter-wavelength frequency determined by the tunnel length. 
Over the viable working range, the device is shown to produce high quality 
periodic flow with negligible harmonic distortion or acoustic noise difficulties.
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NOTATION
(x, y, z) Cartesian coordinates
(U, V, W) velocity components in (x,y,z)
p', u’, e' Fluctuating pressure, velocity, voltage
a Longitudinal vortex spacing
b Lateral spacing of vortices (or bluff body breadth)
Cpb Pressure coefficient on body base (pb“Po)/^pUo^)
c Speed of sound (=343m/s)
D Pipe diameter
d Bluff body width
d /H  Wind tunnel Blockage Ratio
E Anemometer voltage
f+ d f___
df.E (f,d f) Filter mean output square (= ^  u'2 ( f ,d f ) )
f - T d f
df.E (n ) Strouhal energy (intergrated across the spectral peak),
f  Frequency
f a  Fundamental frequency of resonance
f o  Centre frequency
f s  Data sampling frequency
K Pressure drop coefficient (=Ap/~pU^)
Kc Keulegan-Carpenter number (= a .U o /N d )
k2 . (-1-Cpb)
1/d B luff body Aspect Ratio
If  Vortex formation length (or size of formation region)
Lx Intergral length scale (=U./R(x).dx)
M Mesh size
N  Frequency of cylinder or flow oscillations
n Frequency of vortex shedding
no Natural/Strouhal Frequency of vortex shedding
nd Number of blocks of digital data (each containing nb samples)
PÔ Free stream static pressure
Ap Pressure drop across tunnel components (or static pressure
rise across the fan)
Q Volumetric Flow rate (m^/s)
R e  Reynolds number based on body width (= Ud/u)
u’iu ’j
R(x), Ri i Correlation coefficient (=— = = =  ~ . where subscriptV( u';2 ) V (  u'j2 )
i,j represents time or spatial displacement).
5 Strouhal number ( = n d / U o )
T Time period
THD Total Harmonics Distortion: the ratio of energy in the
harmonics to that around the fundamental frequency.
Uc Vortex convection velocity
U q Free-stream velocity
Up Reduced velocity (= Uo/Nd,)
Us Velocity at the separation points
« Reduced amplitude of velocity fluctuations (± A U /U )
E Equivalent reduced amplitude of flow or body displacement
(AU/œd or Ax/d) 
r  T otal circulation
K W avelength
6 Angular displacement
p Density of air (==1.2kg/m^)
V Kinematic viscosity (1.31x10"^ m^/s)
(0 Forcing Frequency (=2n:N radians/s)
Notation Specific to Chapter 2
A Cross-section area (or diffuser area ratio)
b i,b2 - Width of fan blades.
c Contraction area ratio (or vane chord length).
Di Equivalent inlet diameter of the contraction
dt Monofilament screen thread diameter (microns),
f o  Fan rotor frequency
Fu Turbulence reduction factor (=u*2 /u T )
H Shaft drive power (Kw)
h Gap between circular vanes
L,1 L en g th
n ,N  Fan/motor rpm
Rm, Rd Reynolds number based on mesh size and screen thread
diameter.
u Velocity non-uniformity (==[Uw-Uc]/Uc)
V 1
a Coefficient of flow deflection; ratio of emergence to incident
angle of the flow across a screen (=1.1/[1+K]®*5) 
p Open area ratio of screens
mO. 5Ô Fan diameter coefficient ( )
^ ( f )  Power spectrum density (= e’  ^ ( f ,A f) /A f)
<J)’ (f )  Normalised power spectrum density (=<l>(f)/e*2 )
<p Fan volumetric coefficient (=2400/jid2^.n)
Ti Fan efficiency
K Tunnel power factor (=------ )•l/ZpUo^Ao
20 Diffuser expansion angle
11)0.25o fan speed coefficient (= ), or screen/honeycomb solidity.
^ Fan pressure coefficient
Subscripts: o Working section conditions,
w W all conditions, 
c Centre-line conditions.
1 Upstream conditions.
2 Downstream conditions.
Notation Specific to Chapter 3
A i Flow admission area to the fan
A r Reduced inlet area (=Ai/^di^)
A A j/A i Inlet area 'blockage ratio'
bi Air gap between stator and rotor discs
Cl, C2 Absolute impeller inlet/discharge velocities
D Device outer/rim diameter
d Diameter of stator ports
di Fan inlet-scroll diameter
1 Acoustic intensity (=p*^/pc watts/m^)
-L t Tunnel acoustic reflective length (m)
Lj., r Radii defined in Figure 3.7b
n Fan speed (rpm)
Um 'Free-air' velocity (with inlet to the fan unobstructed)
Up Reduced velocity (=U/Uni)
CO Frequency (=2ji:f radians/s)
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INTRODUCTION
1.1 Background
Vortex shedding from bluff bodies is a much studied subject which boasts an 
enormous literature. Because of the practical importance of aerodynamically 
induced vibrations of all kinds of structures, arising directly from vortex 
shedding, there has been particular emphasis over the last two decades on the 
effects of such vibrations on the vortex shedding process itself. Such studies have 
almost always been concerned with natural or forced vibrations of the obstacle 
(often a circular cylinder) in a direction transverse to the oncoming fluid stream. 
Fluctuating lift forces arising from the shedding are usually very much greater 
than the corresponding fluctuating drag. A review of this kind of work is given 
by Bearman (1984).
There are some circumstances in which in-line oscillations can be important or, 
equivalently, in which fluctuations in the approach flow are significant. This 
has led to studies on the effects of such oscillations on the vortex shedding and
hence the mean and fluctuating loads on the obstacle. The earliest example is 
probably the work of Hatfield &  Morkovin (1973); other studies include those of 
Griffin & Ramberg (1975), Bames &  Grant (1983), Okanan et al. (1983), Knisely et al. 
(1984), and Barbi et al. (1986). Most of this work has concentrated on the effects of 
upstream flow fluctuations on shedding from circular cylinders and it has been 
clearly demonstrated that the 'lock-in' phenomenon first identified for 
transverse body oscillations also occurs in this case, provided the flow oscillations 
have sufficient amplitude. It also seems clear that the range of flow oscillations 
over which lock-in occurs is a function of the ratio of the Strouhal numbers at
the forced and self-excited frequencies.
The advent of commercial vortex flow meters, which rely on the vortex shedding
frequency heing a function mainly of the pipe volumetric flow rate, has made 
such studies particularly relevant. For some years the Mechanical Engineering 
Department at the University of Surrey has been involved in the assessment of
the accuracy of various kinds of vortex flow meters when used in systems with 
significant flow pulsations or other abnormal flow conditions. This work (e.g. 
Mottram & ' Robarti, 1985; Mottram, 1985) has been supported by the National
Engineering Laboratory of the D T I, SERC and private Industry. Whilst the 
experimental results have many qualitative features in common with those 
described in the various studies cited above, there are some clear conflicting 
trends. Our major aim is to link an understanding of the ways in which the basic 
vortex shedding phenomenon is affected by flow oscillations with the behaviour 
of vortex flowmeters. In addition to providing a deeper understanding of the 
operation of the latter, this should also lead to more appropriate design criteria 
for such meters and would assist in defining their operational limits.
The ’synchronous’ range is a main area of interest in this dissertation, the 
investigation being designed to address vortex shedding in a sinusoidal mean flow 
in the presence of upstream turbulence and at high blockages: both these later 
features are inevitable in pipe flowmeter installations. The particular objectives 
are outlined in 1.6.
1.2 Phenom enon of Frequency Lock-in
The development of a vortex street in the wake of so many bluff bodies has long 
been a subject of sustained interest and inspiration throughout the history of 
fluid mechanics. Much effort has been devoted to the estimation of the forces 
induced by the vortex wake on the body itself as these are particularly relevant to 
the design and construction of structures such as bridges, towers, chimney stacks, 
oil rigs, etc. In addition to the mean drag, the body may experience a significant 
fluctuating side force which is produced by the strong wake periodicity. I f  
sufficiently strong and correlated this force can cause a lateral displacement of
the body, which in turn feeds back into the wake. Under certain conditions the 
body can be excited into a resonant mode; severe structural damage then may 
arise. A  complex resonant behaviour of this sort was dramatically demonstrated 
in the early stages of the collapse of the Tacoma Narrows suspension bridge in 
Florida in 1940. That a structure should be excited at its natural frequency when 
the frequency of the exciting force is equal to the natural frequency is not 
surprising. But that the phenomenon encompasses a range of up to ±30 percent 
of the natural vortex shedding frequency, and that the vibration and vortex
shedding frequency lock together and control the shedding so completely are
features that are still not fully understood.
Synchronisation or lock-in is now known to be a common phenomenon of
unsteady bluff body flows. The coupling oscillations may be generated by the
motion of the structure, as was in the case of the Tacoma bridge disaster, or 
similar changes in the wake characteristics may be produced by vibrating the
flow. The ability of oscillations to interfere with vortex shedding is intrinsic to
the near-wake flow. , In the vortex formation region there is a feed-back between
the rolling up of the shear layers into vortices and the flow around the body, such 
that a small increase in vortex strength can lead to an increase in base suction
and drag and hence an increase in shed vorticity at the separation points. Such a
situation is unstable because the extra vorticity shed can lead to even stronger 
vortices; however, it is presumed that entrainment acts to control the near-wake
flow, limiting this positive feedback.
During lock-in, flow conditions about the body change rapidly with reduced 
velocity U r=U o/N d, where U q is the mean free-stream velocity, N  is the forcing 
frequency, and d is the characteristic diameter of the body. The time period 
between the shedding of vortices remains constant, and therefore the 
characteristic Strouhal Number S=nd/Uo, where n is the shedding frequency,
changes. In the context of vortex flow meters therefore the basic relationship 
between the shedding frequency and volumetric flow rate ceases to apply.
Frequency lock-in takes place only when the amplitude of oscillations reaches a 
critical threshold level, and is accompanied by large increases in correlation of
vortex shedding along the span of the body.
Our understanding of the behaviour of vortex shedding during lock-in draws 
mainly from forced-vibration experiments of circular cylinders. Although the 
latter is not the simplest section from the fluid dynamics standpoint, it is arguably 
the most commonly encountered in practice. As a consequence of its smoothly
changing profile, the circular cylinder allows flow separation to occur in a way
that is ’natural’ to the velocity and pressure fields set up by the disturbed stream.
This is in contrast to sharp-edged obstacles which tend to impose separation of the
boundary layer at the salient edges. The flow around a circular cylinder is
therefore particularly dependent on the overall balance between the boundary 
layer and separated flow regions and the perturbations which they permit and 
induce. This produces a dependence ^in Reynolds number that makes the circular
cylinder not a particularly good choice for use in a vortex flowmeter where 
linearity or constancy of the Strouhal number with Reynolds number is an 
important design criteria. Its suitability, however, for the study of unsteady
vortex shedding has long been demonstrated and numerous examples can be 
found (see, • for example, Bearman, 1984). Regular vortex shedding from a circular
cylinder is observed over flow Reynolds numbers of the ’subcritical range’, 
R e= U d /u  of between 10  ^ and 10 .^ Over this range the separation points remain 
fixed at about 80° from the front stagnation point. Under these conditions the 
behaviour of the wake is similar to that of sharp-edged obstacles. The Strouhal 
number remains at a nearly constant value over the entire range save for the 
lowest part. Initially the boundary layer separates in a laminar state but the wake
becomes increasingly turbulent with increasing Reynolds number, and is
completely turbulent at Re&300 (Schaefer &  Eskinasi, 1959).
There can however be significant differences in the response of the wake of the
circular cylinder when subjected to oscillations as compared to those of sharp-
edged obstacles, even in the subcritical Reynolds number regime. These 
differences (which include the orientation of lock-in regime about the ’resonant’ 
points and the variations of the ’range’ of capture (lock-in) at similar parameter 
ranges) are connected with the shape of the afterbody, the region of the bluff 
body downstream its separation points. Studies of vortex shedding from non­
circular sections subjected to cross-flow oscillations such as those by Bearman &  
Davies (1977) and Bearman & Obasaju (1982) have clearly demonstrated the 
diversity of response possible. Such trends have also been observed in pipe flow 
studies (e.g. Mottram, 1986). The exact role of the afterbody in the vortex- 
oscillation interaction is not however completely understood (Bearman 1984).
In general, for a given body, the range of capture depends on the displacement
amplitude of the periodic disturbance and the ratio of the Strouhal numbers at the 
forced and self-excited frequencies N/no. Cross-flow disturbances most commonly 
induce frequency lock-in at a reduced velocity near the inverse of the Strouhal 
number (Up=l/S). The vortex shedding frequency in this regime locks to the 
oscillation frequency and maximum amplitudes occur at Up close to 1/S. Vortices
are shed alternately from either side of the body and form the familiar staggered
pattern of the Karman type, but both the width of the wake and the formation 
length are affected. In-line disturbances, on the other hand, most commonly
induce frequency lock-in at a reduced velocity near the inverse of twice the 
Strouhal number (U f= l/2S ). In this case the frequency of vortex shedding locks 
to one half the exciting frequency. A periodic disturbance near or at the Strouhal 
frequency or multiple of the Strouhal frequency can therefore trigger the 
mechanisms that may lead to frequency lock-in.
1.3 Review of L iterature
Experiments on unsteady vortex shedding have traditionally been concerned 
mainly with unsteady flows resulting from oscillatory motion of the body itself 
exposed to a steady stream. The controlling oscillations in practice are vortex- 
induced but for most laboratory experiments the body is forced to oscillate with 
the amplitude and frequency of the motion being precisely controlled. 
Comprehensive reviews of this type of work have been given by Mair &  Maull 
(1971), Sarpkaya (1979), Bearman &  Graham (1980) and Bearman (1984).
Studies of vortex shedding from a cylinder exposed to in-line flow oscillations 
include those of Hatfield & Morkovin (1973), Griffin & Ramberg (1976), Bames &  
Grant (1983), Okanan et al. (1983), Knisely et al. (1984), and Barbi et al. (1986). 
Barnes &  Grant (1983) were perhaps the first to report on the behaviour of the 
wake behind fixed sharp-edged obstacles exposed to a mean stream with a 
fluctuating component. This type of work is of particular interest to vortex 
flowmeter installations where exclusively sharp-edged obstacles are used, and 
where industrially occuring unsteadiness is often induced in the direction of the 
mean flow (by pumps, for example). They investigated the flow about two 
rectangular plates (of different width) and a circular cylinder. In spite of their 
extremely low amplitudes of flow oscillations AUAJ=0(1% ) they were able to 
induce frequency lock-in on the circular cylinder at Ur near 1/2S, but found no 
clear evidence of lock-in on the rectangular plates. The reduced displacement 
amplitude e=AU/(od (where co is the forcing frequency in radians/s) was in their 
case less than 0.4%. This is an order of magnitude smaller than that required to 
cause lock-in in cross-flow oscillations (near Ur=l/S) where typically Ax/d, the 
equivalent displacement, must be of the order of 5% (Bearman, 1984). The free- 
stream turbulence level in the wind tunnel used by Barnes &  Grant was also 
extremely low, u'/U quoted at less than 0.01 percent!
Okanan et al. (1983) presented base pressure measurements for rectangular 
cylinders of various breadth to width ratio (b/d) exposed to in-line flow  
oscillation of AU/U of about 5%. They found large increases in drag coefficients 
of up to 163 percent of the steady flow values at Ur near 1/2S, indicating 
significant enhancement in the strength of vortices being shed. Knisely et al. 
(1984) report on the response to in-line oscillations of two rectangular cylinders, 
of different breadth to width ratio, spanning a wide range of reduced velocity 
regime up to 6 times the natural Strouhal frequency, but limited to small 
amplitude A-U/U=0(0.02). Their results confirm frequency lock-in at the lower
reduced velocity near 1/4S previously predicted by Clements (1975) for blunt-
based obstacles in general. Studies of circular cylinders in oscillatory flows 
include the earliest experiments of Hatfield &  Morkovin (1973). Their experiments 
were carried-out at amplitude of oscillations AU/U of about 8% (e = 0 , 0 4 - 0 . 1 )  
concentrating on reduced velocities near 1/S where lock-in was aheady known to 
occur in the case of cross-flow oscillations. Hatfield & Morkovin found no clear 
evidence of lock-in in this case and concluded that the absence of any significant 
coupling between the forced and self-excited flow fields is less surprising as the
driven flow oscillation was symmetric while the Karman field is antisymmetric.
It is presumed that any energy transfer in one ’region' of the flow tends to be 
counteracted by opposite energy transfer at the mirror region. Larger amplitude 
of oscillations were not however investigated. Barbi et al. (1986), together with 
their previous work (non-archival publications Jones, 1980, 1981; and Barbi, 1981), 
also report on the response of circular cylinders exposed to in-line flow  
oscillation. Their experiments (in air) covered reduced velocity regime from less 
than 1/2S to above 1/S. With e=0.2, they found lock-in to occur over a wide range 
of reduced velocity near 1/2S and 1/S. This implies, by comparison with Hatfield 
& Morkovin's (1973) results, a critical 'threshold' e (for circular cylinders, near 
U f= l/S ) is between 0.1 &  0.2.
In the various regimes of frequency lock-in, for the cases of in-line oscillations, 
two fundamental modes of vortex shedding have been observed. The most 
commonly reported configuration is the 'classical' mode of vortex shedding in 
which alternate vortices (o f the Karman type) are shed at half the forcing 
frequency. Lock-in of this sort is accompanied by large increases in the mean 
drag (see for example Barbi, Okanan, or Knisely). A decrease in lateral spacing of
the vortex street for all amplitudes and a decrease or increase in longitudinal 
spacing depending on the frequency ratio, N/n©, is also apparent (Griffin &  
Ramberg, 1976). The behaviour of the wake in this mode of vortex shedding 
compares well with the behaviour near Ur=l/S in transverse oscillation cases.
The second fundamental mode of vortex shedding is the symmetric arrangement 
in which vortices are shed simultaneously from both sides of the cylinder. 
Symmetric vortex shedding has not been found in the cases where the periodic 
disturbance is purely in the cross-flow direction. A vortex arrangement of this 
sort was perhaps first observed in water, on vortex-excited circular cylinders, at a 
reduced velocity below 1/2S -reported by King et al. (1973). In this regime 
vortices were shed simultaneously from either side o f the cylinder and only
formed the familiar staggered pattern some distance downstream of the cylinder. 
A t the reduced velocity near 1/28 vortex shedding reverted to the commonly 
observed Karman type of alternating shedding, indicating, in this case, a radical 
change in the cause of excitation. The origin of the exciting force in the 
symmetric shedding has not been fully explained (Bearman, 1984). Symmetric 
vortex shedding has since been reported by other authors including Griffin &  
Ramberg (1976), Knisely et al. (1984), Barbi et al. (1986), and more recently by 
Ongoren & Rockwell (STsSb).
Griffin & Ramberg (1976) observed the two fundamental modes of alternate and 
symmetric vortex shedding intermittently, in the reduced velocity regime 
0 .5sS .U rs l .  In the case reported by King et al. (1973) there were two distinct 
regimes of instabilities separated by a reduced velocity of approximately 2.5; 
symmetric and alternate vortex shedding were observed singly at U^<1 /2S and 
Urfel/2S respectively. Knisely et al. (1984) and Barbi et al. (1986) have reported 
symmetric shedding only over narrow regimes close to Ur=l/4S and Up= 1 / S 
respectively. Knisely et al. describe classical lock-in, which also occured at Ur 
near 1/48, as less stable and that switching to simultaneous shedding was easily 
triggered by increasing amplitude of flow oscillations (AU/U) from about 1 
percent to between 1 and 2 percent. During simultaneous shedding, vortices are 
shed at the forcing frequency which in this case is far removed from the natural 
shedding frequency (N=4no). In the context of vortex flowmeters, a response of 
this sort would of course be unacceptable.
The study of Ongoren &  Rockwell (1988b) examined the response of a circular 
cylinder subjected to oscillations at an angle ’a* equal to 0-90 degrees with respect 
to the direction of the free-stream. They make extensive use of flow visualisation 
and phase measurements. This work is a sequel to Ongoren & Rockwell (1988a) 
which examined mechanisms of vortex formation on various cylinders subjected 
to oscillations in the transverse direction (a = 9 0 °). In addition to the fundamental 
modes described above, Ongoren & Rockwell (1988b) identify for the in-line case 
two further antisymmetrical modes of vortex shedding in which vortices pair-up 
to form the Karman staggered street. They found the degree at which any one of 
the various . modes predominated was strongly dependent on the frequency ratio 
N/no;  symmetrical shedding was found most likely to occur when N/no a 3 (but 
could, under certain conditions, be induced earlier), whereas the antisymmetric 
modes generally predominated at the lower frequency ratios. Moreover i f  the 
flow was not synchronised switching occured between the preferred mode, that
mode which tended to occur most often, and its antisymmetrical or symmetrical 
counterpart. Ongoren &  Rockwell made their measurements at a fixed
displacement e=0.13 and Re=855, and to a maximum frequency ratio N/no==4.
Clearly in the case of in-line oscillations there are numerous admissible modes of 
vortex formation. Whether or not the vortex shedding frequency is synchronised 
is primarily dependent on the ratio of the Strouhal numbers at the forced and 
self-excited frequencies and the amplitude of displacement e. The threshold
amplitude varies from one bluff body shape to another, and is possibly Reynolds 
number dependent and may also be influenced by turbulence, solid blockage and 
aspect ratio. The shape of the bluff body greatly influences conditions that exist 
in the near-wake region and we may therefore expect the response to forced 
oscillations w ill strongly depend on the shape of the body, as indeed results in
cross-flow oscillations show. Certain b lu ff bodies have weaker lock-in
characteristics than others; a flat plate, for example, as shown by Bearman &  
Davies (1977) is less susceptible to lock-in (with lateral oscillations) as compared to 
a D-section. Equally a triangular prism with a vertex pointing into the flow, 
Twigge-Molecey (1974), does not readily lock as compared to that with a trailing 
vertex, Bearman & Davies (1977). Different cylinder shapes are excited to a
varying degree by their vortex wakes and not all mechanically oscillated 
cylinders are able to synchronise their wake fluctuations completely. Such 
differences in lock-in characteristics may explain the absence of any clear 
evidence of synchronisation in the results of Barnes &  Grant (1984) on 
rectangular plates as compared to the response of the circular cylinder under 
similar flow conditions. The authors in that instance however chose to suspect 
that the circular cylinder might be more susceptible to lock-in because of its less 
restrained separation points.
In order to assess adequately the thresholds of frequency lock-in one requires 
experimental results over a wide range of reduced velocities carried-out with 
sufficiently large range of amplitudes of velocity oscillations. Nearly all of the 
unsteady vortex shedding studies in oscillating flows cited above have been 
carried-out ' at fixed amplitudes of oscillations. These have often been the 
maximum available constrained by the difficulties in generating suitable flow 
perturbations in wind tunnels. Production of velocity fluctuations of sufficiently 
large amplitudes and a means of continuous control have not been possible in 
most cases; some of these facilities are mentioned in chapter 3 which discusses the 
production of oscillatory flow in wind tunnels. Threshold values (from the extant
literature) are perhaps best ascertained from wake measurements of the related
case of in-line forced-vibration studies such as those by Griffin &  Ramberg 
(1976). Their study of circular cylinders included a detailed investigation of the 
critical amplitude near Ur=l/2S. In their case the amplitude of the body 
displacement could be controlled independently of the reduced velocity. Figure
1.1a reproduces Griffin and Ramberg (1976) results and surveys they had carried-
out of other in-line forced vibration experiments. The actual plot has been 
reproduced from Barbi et al. (1986) and includes Barbi’s own measurements on
fixed cylinders exposed to oscillatory flows. The figure shows the ‘critical' 
displacement amplitude plotted against the ratio of Strouhal numbers at the forced 
and self-excited frequencies. These results are reduced and discussed further in a 
moment, but note here the large differences in the flow conditions of the various 
experiments, which must be described as substantial; the results cover a flow 
Reynolds number range of between 80 and 4 x 1Q4, solid blockage ratio of between 
4 and 20 per cent, spanwise aspect ratios of 2.5 to 19, and upstream turbulence 
intensities of up to 1%. It is therefore encouraging that a trend exists, but it is a 
little difficult i f  not impossible to separate the effects, i f  there are any, of the 
various parameters; note in particular that the differences in solid blockage are 
substantial and no correction has been applied. The results indicate that lock-in 
is most readily induced near the resonant ratio N/no=2 where the critical 
amplitude e is about 0.03. This is somewhat lower than the value of 6 = 0 .0  5
generally quoted for a circular cylinder subjected to cross-flow oscillation.
Indeed the critical e in the case of in-line oscillation may be lower than 0.03
under certain conditions (e.g. Bames & Grant, 1984).
Solid blockage, aspect ratio, and turbulence have measurable effects on steady
flow vortex shedding, but their separate effects on unsteady vortex shedding have 
not been previously quantified. The increase in onset velocity in confined flows, 
which affects the dynamic head, has a direct contribution to the tangential 
velocity at the separation points. The velocity here governs the rate of 
circulation being shed. Seldom however does blockage lead to changes in the 
formation length which, for a given layer, has a direct influence on the amount 
of entrained fluid, presumed one of the controlling parameters of the range of 
capture. The increase in shed vorticity leads to higher curvature of the shear 
layers from the separation points cancelling out the effect each one of these 
parameters individually has on the formation length. This is not to say that 
blockage w ill have no effect on synchronisation, indeed in some cases blockage 
may have a direct effect on the formation length itself. In  principle and in
general however one anticipates blockage w ill have only minor influences on 
the range of capture, and to an extent this is bom-out in the results shown in 
figure 1.1a. Similarly, as the aspect ratio of a constant cross-section bluff body is 
reduced, vortex shedding becomes weaker but it never completely disappear 
(Bearman, 1984). However, although the mutual interaction between two shear 
layers that leads to the generation of vortex shedding may be very strong, the 
spanwise coupling is usually weak. For most bluff bodies the spanwise correlation 
length is between 3 to 6 body diameters. One therefore anticipates in this case too, 
apart from the smallest aspect ratios, the effects on lock-in characteristics w ill be 
of secondary order.
The presence of free-stream turbulence can influence vortex shedding directly 
by increasing diffusion and cancellation of vorticity, and therefore exert a major 
influence in the near-wake flow. Vickery (1965) measured a 30 percent reduction 
in the drag coefficient of a square cylinder exposed to grid turbulence of about 10 
percent on an otherwise smooth flow. Courchesne &  Laneville (1982) who carried 
out a systematic investigation of the effects of intensity and scales of turbulence 
on drag of rectangular cylinders, found that the mean drag coefficient was 
primarily influenced by the intensity of turbulence. In their case the effects 
were most notable on the critical rectangular section with breadth to width ratio 
b/d= 0.63. For this configuration intensities of the order of 1 percent reduced the 
drag coefficient by about 1.5 percent and by nearly 40 percent at intensities of the 
order of 15 percent (figure 6.19b). For the cases shown in figure 1.1a therefore 
one anticipates only marginal differences arising from the difference in the 
level of free-stream turbulence where u'/U was less than 1%.
1.4 M ore on Previous Experim ental Results
It is well known (e.g. Koopmann, 1967) that the range of capture for a circular
cylinder subjected to transverse oscillations is Reynolds number dependent in the
'pure Karman range'. This dependence is seen to link directly to the character of
the near-wake flow, which for the circular cylinder is Reynolds number 
dependent ' in this regime; both the Strouhal number and drag coefficient vary 
considerably, accompanying the radical changes in the formation region (figure 
1.2). The effect of Reynolds number on the range of lock-in is small, but it is not 
insignificant. The effect is also consistent with the idea that entrainment acts to
control the positive feed back between the wake and the amount of circulation 
being shed * from the separation points. The exact mechanisms are yet to be
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outlined, but, in principle, one anticipates at the least a dependence in the range 
of capture on the formation length, and other parameters that may influence the 
rate of entrainment of fluid into the shear layers (e.g. laminar versus turbulent 
layer). Threshold values for in-line oscillations shown in figure 1.1a, which in 
the main contain results for Re<300, are interpreted slightly differently in figure 
1.1b, where a clear Reynolds number dependence is established. Here certain data 
points, previously deduced with error from the results of Tanida et al. (1973), have 
been recalculated using data given at source, with the following further omission 
to the original plot: of the data deduced from Tatsunos' measurements (see Griffin 
& Ramberg, 1976) a single point has been omitted, pending review of this work.
The replotted results show a clear Reynolds number dependence in the Karman 
Range and are consistent with the trends near U r=l/S  in the transverse 
oscillation experiments of Koopmann (1967). Significantly though, contrary to 
Barbi's conclusions, there would seem to be little, i f  any, Reynolds number 
influence in the subcritical range, the outermost curve in figure 1.1b.
Measurements of Tanida et al. (1973), for a single cylinder, at flow Reynolds 
numbers of 80 and 4000, reveal a further point of interest as these span the 
Reynolds number bounds shown in figure 1.1b; i.e. the regimes in which the
range of capture is dependent and independent of Reynolds number. Figure 1.3 
reproduces their vortex shedding frequency results for the two cases, and 
demonstrates a 'preferred' orientation of the development of lock-in regime at a 
reduced velocity near 1/2S. Here note the switch in the asymmetry of lock-in 
about the resonant frequency ratio N/no=2 (compare figures 1.3i & 1.3ii). In the 
light of other results (e.g. Bames & Grant, 1983), one could suppose that, in the 
pure Karman range (figure 1.3i), lock-in, at amplitudes a little lower than the 0.14 
used, would begin at Ur=l/2S and at first extend to lower reduced velocities (of 
higher N/no ratios than the resonant ratio of 2). Ur=l/2S is the resonant point, 
that is frequency synchronisation is most likely to occur first here, and moreover 
lock-in always encompasses this velocity (Bearman, 1984). A t the higher 
Reynolds number the preferred orientation is reversed; lock-in begins at the
resonant point but essentially extends to higher reduced velocities. These 
differences are thought to be central to the phenomenon of frequency lock-in. 
In cross-flow vibration experiments, orientation of this type at reduced velocities 
near 1/S is (rightly) associated with afterbody effects, although no clear pattern
emerges.
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Range, and therefore likelihood, of capture or frequency lock-in increases (to a 
limit) with amplitude of oscillation and depends on the frequency ratio N /uq. In 
all cases synchronisation is preceded by local amplification of base suction or 
enhancement of the strength of vortices being shed. Enhancement of this sort is
evidenced by, for example, amplification of base suction which occurs even in the
cases where amplitude of forced oscillations is smaller than that required to
induce lock-in. From this point of view, lock-in may be thought of as a recovery 
process towards steady flow conditions, or conditions that prevailed initially. The 
initial interaction is mutual, and does not only depend on the energy level of the
induced perturbations but also that of the undisturbed wake. The latter is a 
variable in the above two examples of Tanida et al. (1973) where in both cases the 
cylinders were subjected to a fixed amplitude of oscillation Ax/d=0.14. The results 
indicate that conditions at Re“  4000 are more conducive to lock-in hence the 
larger lock-in regime than at Re=80. A  major difference between these two cases 
is the ‘Strouhal* amplitude itself which is proportionately lower at Re=4000 than at 
Re=80 (of the Karman range), hence the difference in drag as shown in figure 1.2.
The range and orientation of the lock-in regime about the resonant point in this
case is seen to be closely linked to steady flow conditions, all else being the same. 
This is not always the case, but there are other examples in which Strouhal 
amplitude seems to explain lock-in characteristics well. A flat plate, for example, 
would be considered a poor choice for use in a vortex flow meter because it does 
not shed regular and strong vortices essential for this application. A  flat plate, 
however, is also least susceptible to lock-in phenomenon (Bearman &  Davies, 1977; 
Bames &  Grant, 1983). The critical rectangular section with breadth to width ratio 
of about 0.6 on the other hand sheds strong and regular vortices, hence its earlier 
use in vortex flowmeters, but is also most susceptible to the influence of flow 
pulsations (Knisely, 1984; Mottram & Robarti, 1985).
Arguments based on ‘Strouhal’ amplitude alone however soon run into difficulties
because they do not take account of the constraints afterbody imposes in the 
near-wake flow. Conditions during and near lock-in change rapidly with reduced 
velocity. A major feature of the near-wake flow in this regime is the
readjustment of vortex formation length. Shrinkage, for example, can only take 
place as far. as the afterbody allows it to occur. It is for this reason that the 
threshold values for various Re values in figure 1.1b collapse to a single curve, or 
approximately so, when the frequency ratio N /uq is greater than 2. That is, in 
this regime vortices are shed at a frequency n>no, and therefore time to vortex 
formation is reduced. The physical extent of the afterbody becomes a determining
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factor in the range of synchronisation for frequency ratios greater than 2. 
Constraint of some sort is also seen in the response of a triangular cylinder with a 
trailing vertex, (Bearman & Davies 1977), or a square cylinder, (Bearman &  
Obasaju 1982), where substantial attenuation in base suction occurs for all U r< l/S ,  
figure 1.4.
The modification to vortex shedding in the presence of external flow oscillations 
is not confined to the regions of strong interference in which vortex shedding is
completely controlled by the oscillations. For example, Mottram (1986), in his pipe
flow study, found that in the presence of flow pulsations for all frequency ratios 
N/no&3, vortex strength and regularity was substantially reduced with increasing 
amplitude of pulsation (figure 1.5), but did not find any significant effect on the 
Strouhal frequency itself, even at relatively large flow pulsations (uVU>18% ). 
The reduction in vortex strength although large (of up to 90% in the case of the
critical rectangular section) has nonetheless not been explained!
Interference w ith vortex shedding for all N /n o > l is evident in many 
measurements but often passes unmentioned where one is concerned with lock-in 
phenomenon itself. Bearman &  Davies (1977) describe secondary formation, seen 
only in their flow visualisation of the near wake, where a pair of oppositely 
signed vortices were shed once per body cycle. A t 6 body diameters, far 
downstream, Strouhal frequency was measured indicating a merging of
secondary vortices as the wake develops. Barbi et al.'s (1986) measurements, 
shown in figure 1.6, cover a significant range either side of the synchronous 
regime. Note that for U r< l/S  (i.e. N /n o > l) the Strouhal frequency is only 
approximately recovered. Their measurements were taken at about one cylinder 
radius downstream. We may presume, from Bearman & Davies (1977), that the 
deviations from the Strouhal frequency would have been less had the 
measurements been taken further downstream. For N/no<l, towards the 'quasi­
steady* regime (u o » N ), the formation region continuously readjusts following the 
large change in the phase of vortex shedding during lock-in. Various
measurements (see, for example, Bearman, 1984) indicate that in this regime the 
Strouhal frequency is eventually recovered completely. The recovery rate
however is dependent strongly on the bluff body shape and the amplitude of
oscillations. Shedding from circular cylinders in cross-flow vibrations (Bearman 
& Currie, 1979) show relatively rapid recovery as compared to the behaviour in 
the case of sharp-edged obstacles (Bearman &  Obasaju, 1982). Similar trends are 
observed in in-line oscillation experiments (Tanida et al., 1973; Barbi et al., 1986),
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although in this case the recovery is somewhat slower. Equally measurements of 
Mottram & Robarti (1985) for the critical rectangular section indicate that 
deviations from the Strouhal frequency, in this case, persist over wider regimes 
of Ur than those for a circular cylinder.
1.5 Summary of Major Conclusions of Previous Work
The facts which emerge from the extant literature on vortex shedding in
oscillatory flows of the form U = U o ( l + a . S i n ( o t )  and of the related forced vibration
experiments (in which a bluff body exposed to a steady stream is subjected to in­
line oscillations) may be summarised as follows:
1 The parameters U r=U o/N d and e (=A x /d )=A U /o )d  are of major importance in
determining whether wake synchronisation is induced.
2 The wake is most readily synchronised when the vortex shedding frequency
(n) brackets N/2 (U^=1/2S ).
3 The velocity range over which synchronisation occurs increases with
oscillation amplitude, e.
4 The critical threshold amplitude required to induce frequency lock-in is 
dependent on the shape of the bluff body: for a circular cylinder the critical e 
is about 0.03. For rectangular sections (with b/ds2) the critical s is between 
0.01 and 0.02. However, under certain conditions (e.g. extremely low level of 
free-stream turbulence), the critical value may be lower.
5 During ’classical’ synchronisation vortices continue to shed alternately at 
n=N/2. The behaviour of the wake in this mode of vortex shedding is similar to 
that found in cross-flow synchronisation near U r = l / S .  For circular cylinders
the formation length (If) and lateral spacing of vortices (b) decrease with 
increasing amplitude. Longitudinal spacing (a) is not changed with
amplitude, but it varies inversely with the frequency ratio n/no.
6 Most in-line experiments have not made direct measurements of Drag or base 
pressure. For rectangular sections (for which measurements have been made) 
base suction in the synchronous regime has been found to increase.
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In-line oscillations can also induce synchronisation in the regimes around 
Ur=l/S & Ur=l/4S. Coupling near Ur=l/S is weak. That near Ur=l/4S can lead to 
symmetrical vortex shedding. The threshold amplitudes for both of these 
cases are not well defined.
For circular cylinders synchronisation to the symmetrical mode predominates 
in the regime N/no >2 (but it can co-exist and compete with the 
antisymmetrical mode) and has been found to occur intermittently in the 
regime l^N /no^2.
During symmetrical vortex shedding vortices are shed at n=N. This 
arrangement of the wake gives rise to a force in phase with the velocity, and 
in dense fluids (such as water) vortex-induced forces can cause resonant (in­
line) oscillations to occur.
1.6 Aim of Investigation & Overall Scope of Work
Many of these features of previous work have obvious implications in the context 
of vortex flowmeters. A major uncertainty of bluff body response in this class of 
flows is in the role of the body behind the separation point. Several authors of 
previous work in cross-flow forced vibration studies have found significant 
differences in the response of non-circular cylinders near and during lock-in. 
These differences, thought to be intrinsic to the near wake flow, may equally 
apply to vortex flowmeter situations where a variety of afterbody configurations 
are in common use. Much of the wind tunnel experimentation however concerns 
the response near U r=l/S  of cylinders (of relatively large aspect ratios and low 
solid blockages) subjected to cross-flow oscillations. These studies mainly address 
flow-induced loading and vibration relevant to the design of civil engineering 
structures. Whilst the nature of the interaction between imposed flow
oscillations and the wake is similar, very few experiments have addressed the 
response to in-line fluctuations which are equally important, i f  not more so, in 
the context of vortex flowmeters.
On the basis of the foregoing studies, it is also clear that there is some sort of 
sudden shift in the near wake dynamics within the resonant range; however, its 
precise nature remains unresolved. It  is hoped that careful experimental 
observations can provide some of the answers to the physical processes involved. 
Do, for example, free-stream turbulence and solid blockage have any significant
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influence on synchronisation, and i f  so what are their separate effects. And what 
are the mechanisms involved when apparently under certain conditions the 
Strouhal frequency is uneffected but the strength of vortices shed is 
significantly reduced. In this regard a primary issue is determining the effects 
of oscillations away from the synchronous regions.
Our particular objective in the present work is to find to what extent the different 
behaviour in the various cases is a result of the differences in body shape, solid 
blockage, or upstream turbulence. The study examines the vortex shedding 
process in some detail, using a variety of obstacle shapes exposed to a sinusoidal 
mean stream in a low turbulence wind tunnel. The design and construction of the 
wind tunnel and the production of oscillatory flow have formed a major part of 
the initial work. These are discussed in chapter 2 & 3 respectively. The 
experimental arrangement and approach used in the main study are outlined in 
chapter 4. Measurements of vortex shedding are presented and discussed in 
chapter 5 & 6 respectively. The main conclusions to be drawn from the work are 
summarised in chapter 7.
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Figure 1.1 Lock-in Threshold ampiitudes for circular cylinders subjected to Inline oscillations: 
Re=80-4x104, d/H=0.04-0.20, l/d=2.5-19.0. The legend for data points is given in 
Barbi et al. (1986): a) original plot; b) reduced data -see text.
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Figure 1.2 Mean Drag Coefficient and Inverse of Strouhal number 
for circular cylinders. (Morkovin, 1964).
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Figure 1.3. Circular cylinder subjected to in-line sinusoidal oscillations in a smooth 
steady stream, 6x/d=0.14. — , vortex shedding frequency ;
□, position of minimum base pressure. Tanida et al. (1973).
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0.9x0.6m WIND TUNNEL
2.1 Background
This chapter concerns the design and commissioning of a low-speed blower Wind 
Tunnel. The new tunnel replaced one of the oldest wind tunnels in the 
Department of Mechanical Engineering (University of Surrey) which served the 
Department for nearly half a century. The old tunnel was of the ’suck-down' type 
and was used mainly for teaching purposes. It was unsuitable for carrying out 
much serious research work due to poor working section conditions, inherent to
the design. Emphasis nowadays is laid on the design of tunnels with low levels of 
turbulence and unsteadiness. Both turbulence and unsteadiness have strong 
influence on the behaviour of many fluid phenomena. Suck-down tunnels are 
particularly vulnerable to room disturbances and performance of the fan 
downstream of the working section limiting their refinement. Wind tunnels of
this type also make poor use of floor space, since they are usually fitted with long 
diffusers upstream of the fan, and are restrictive in possible working section 
arrangem ents.
The new tunnel has a total working section size of 0.9 x 0.6m x 4.5m long. It has a 
maximum design flow speed of 3Im /s, working section turbulence intensity of 
about 0.1%, and cross-section velocity uniformity better than ±0.15%. The tunnel 
utilises the original 50hp drive that was fitted to the suck-down tunnel, all other 
components including the fan are new. The tunnel is in addition installed with a
facility to generate a sinusoidal fluctuating mean flow for studies of unsteady
phenomena and can therefore be run in the unsteady mode. The operation of this 
facility is discussed in Chapter 3.
2.2 Design and Construction Details
The design of a blower-driven Wind Tunnel is still largely based on guide-lines 
and data from existing tunnels that are known to perform satisfactorily. The wide 
variety of design and lack of complete understanding of flow through wind 
tunnel components like the diffuser, screens and the blower itself, has over the 
years made ' it difficult and unwise to establish definitive rules for wind tunnel
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designs. The present design was therefore approached on the traditional lines, 
with an emphasis on achieving a fairly uniform flow profile and low turbulence 
intensity.
The overall layout of the tunnel is depicted in the photograph and a schematic
shown in figures 2.1a &  2.1b respectively. Note that the inlet device, the traverse 
system and a section containing a 3-component mechanical balance are omitted
in the sketch. These were installed later. Construction drawings and 
specifications for major components are available separately. The location and 
details of the various monofilament screens installed in the diffuser and settling 
chamber of the tunnel are shown in figures 2.3-2.5.
The Centrifugal blower is a type 1340A with backward airfoil blades manufactured
by Carter How den. The fan is driven by a thyrister controlled d.c. motor (Thrige-
Scott of Belfast frame BK250M) rated at 50hp, 10/1000 rpm.
Centrifugal blowers of this type have over the years emerged as ’optimum* for 
high performance wind tunnels, and are preferred to axial flow fans - see, for 
example, Bradshaw (1967). Table 2,1 shows non-dimensional characteristics of the 
1340A fan together with those of two other fans of similar design, but of extreme 
sizes that nonetheless would drive the tunnel. These characteristics broadly form 
a basis for comparison of expected fan performance to those acclaimed by the 
manufacturer and are commonly used in Industry for initial selection and sizing 
of a suitable unit. For example, the large product of pressure and volume 
coefficients, of the 1340A fan selected makes this choice the cheapest from the
point of view of maximum capacity with minimum size. These coefficients relate 
the size of the impeller to static pressure (Ap) produced by the fan and volumetric 
flow rate (Q) via Euler equation for centrifugal fans. Here tp and qp are defined by:
i|)=3600Ap/^ p3t2n2d2^,
(p =240 .Q /3 tn d 2^  .
n is the rpm speed of the fan, and d2  is the outer diameter of the impeller. Recent 
improvement in the performance of wind tunnels has directly come about from 
improved fan designs which can operate near maximum efficiency over a wide
range of speeds. Apart from improved operating power factor, noise is reduced
and therefore provides a less tiring working environment. Whilst generated
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noise is very dependent on the detail design of the fan volute, blades and the 
'tongue’, it can be minimised significantly by selecting a fan that would operate at 
comparatively low speeds. A  comparison of the operating speed of the fans shown 
in table 2.1 is indicated by the speed coefficient, o = i{j®-25/q)0.5. larger the 
coefficient the higher the speed. Based on this fact alone the largest fan 
(typel640A) would be desirable as this has the lowest speed coefficient. However, 
this advantage is far outweighed by the shear increase in size, and therefore 
costs, from the 1340A , which is indicated by their diameter coefficients, 
g=jp0.25/.jj,0.75 On the other hand, the low pressure coefficient of 110OA and the 
high speeds at which it would have to run are a perfect recipe for noise and poor 
operating efficiencies. The dimensions of the 1340A further compare well with 
proven high performance fans (as shown in figure 2.2a) and is therefore likely 
to perform satisfactorily provided the construction of the blades is reasonable. In 
figure 2.2b it is shown that with the 1340A, high fan efficiencies can also be 
expected over a wide range of power factors (A,=H/0.5pUo^Ao), desirable where X is 
not known exactly, and allows, for example, addition of turbulent generating 
grids without significantly affecting the performance of the fan.
Type q) qnl; o Ô
1640A 0.15 0.89 0.13 0.42 2.5
1340A 0.21 0.77 0.16 0.56 2.0
11 GOA 0.26 0.52 0.14 0.83 1.7
Table 2.1 Fan Non^-Dimensional characteristics.
Design of the wide angle diffuser was based on guide lines given by Mehta (1977) 
and Mehta & Bradshaw (1979). Their design curves for screened diffusers, based 
on existing installations which are known to work well, are reproduced in figures 
2.4b & 2.4c; the position of the present diffuser is highlighted in each case. 
Figure 2.4b, which shows the diffuser area ratio (A ) as a function of the 
expansion angle (20), yields a minimum number of screens required to avoid flow 
separating from the diverging walls of the diffuser. Designs falling to the left of 
the various curves are recommended. Figure 2.4c gives a minimum total pressure 
drop necessary to achieve adequate ’thinning-down’ of the boundary layer. Note 
here the pressure drop coefficient Kg (= A p to ta l/0 .5p U  o^) is the sum of the 
individual coefficients of all diffuser screens. Most diffusers with expansion 
angles 20 of less than about 60° w ill work satisfactorily provided that a sufficient
y
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number of screens of large K are installed. It  is, however, desirable to limit the 
number of screens and the value of Kg in order to avoid increasing the tunnel
power factor unnecessarily. An optimum design would have a maximum
expansion angle acceptable to minimise the overall length of the diffuser, and
therefore the tunnel, and use a minimum number of screens with minimal total
overall pressure drop coefficient. In the present case additional screens (over 
and above the criterion set in figure 2.4b) were considered necessary in order
adequately to deflect the flow to the ’norm' from the inclined fan discharge 
(figure 2.3). The somewhat non-standard discharge configuration was used to
lower the tunnel centre-line to a desired working height of 1.5m. Flow deflection
towards the norm is progressively induced via screens at stations 2, 3 and 4 in the 
diffuser (figure 2.4a). The effective turning angle of these screens (estimated 
from a = l. l / ( l+ K )0 -5 ,  Taylor & Bachelor, 1949) is about 15°. The coefficient of
deflection (a ) is defined as the ratio of emergence angle to incidence angle of the 
flow.
A major concern in the design of a wide angle diffuser, in addition to avoiding 
boundary layer separation, is to attain an acceptable velocity uniformity at entry
to the settling chamber. Conventional axisymmetric diffusers, attached to normal 
fan discharges, often produce velocity defects in the lower centre third at the exit 
of the diffuser. As a result, velocity non-uniformity at entry to the settling 
chamber can be greater than 10%. This arises because of imbalance in the 
distribution of the flow in the volute at exit from the fan. The asymmetric 
positioning of the fan impeller in the casing causes the flow to deflect into the 
’empty’ regions of the volute, generating a swirling motion in the emerging flow
which often is not completely eradicated even with the use of several screens in
the diffuser. A swirl component through the diffuser is, however, desirable; 
Mehta (1977) has shown that this helps to keep the flow attached to the walls. 
Directing the flow towards the lower half of the diffuser, as done here, is 
therefore unlikely to produce exit velocity profiles that are any worse than 
normal. Indeed, this may, arguably, be a better arrangement than normal.
A classical arrangement in the settling chamber of a wind tunnel consists of an
inlet screen,. followed by a honeycomb, followed by 2 or 3 exit screens of pressure 
drop coefficient (K ) of about one, depending on the final level of turbulence 
required. The arrangement arises directly from the need first to remove swirl 
components and non-uniformities in the incoming flow, as these represent 
energy production terms from the point of view of turbulence. Honeycombs and
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other straightener-like devices are particularly effective in removing large swirl 
components. The present design, shown in figure 2.5, conforms to this basic 
arrangement save for the coupling of the honeycomb to a fine-mesh screen 
placed immediately downstream of the honeycomb. Honeycomb +screen at close 
proximity (A x^SM ) can be effective in suppressing 'residue' turbulence, i.e. 
turbulence that is generated in the wake of the flow through the cells of the 
honeycomb, as shown by Loehrke & Nagib (1972). The use of coupled devices in 
wind tunnels is however only recent and has yet to be studied extensively. The 
performance of honeycomb +screen combination, for example, has been found to 
depend strongly on upstream velocity uniformity and the structure of turbulence 
in the incoming stream. Existing data also suggest that there may be a critical 
matching criterion between the honeycomb cell size and screen thread diameter 
for the device to be effective. Exact limits of the application of this arrangement 
in the settling chamber are therefore not completely understood and there are 
conflicting trends. Calibration measurements of the present tunnel, in addition, 
indicate that the combined device may have a significantly larger K than is 
generally assumed (see later). Johnson & Hancock (to be published) found that 
the device was effective in reducing non-uniformities in the mean flow but did 
little to the level of turbulence. Morel (1976), on the other hand, found that a 
screen placed at the discharge plane of the honeycomb actually increased the 
level of turbulence. However, only Loehrke &  Nagib (1972) have reported detailed 
measurements which show favourable results.
Design of the contraction has been based on the 2-Dimensional (2-D) profile of 
Whitehead et al. (1951). The technique involves specification of a boundary 
chosen in the hodograph plane for which the flow is found by the method of 
images. The present contraction has an area ratio (c) of about 6.3, limited in this 
case, as indeed is often the case for medium to large wind tunnels, by available 
floor space. Contractions with area ratios of up to 9 are common. Contour design 
by the method of Morel (1975) for axisymmetric contractions, was also considered 
in some detail. In this technique the shape of the boundary is specified in terms 
of two cubic curves, matched at an 'arbitrary' point, and leads to gentler profiles 
in comparison to the 2-D design. Morel's method however proved less compact in
terms of exit velocity uniformity as shown in table 2.2. Note that at an equivalent 
effective length from entry of the contraction (1+Ax) the 2-D design leads to 
velocity non-uniformity, u-=(Uw-Uc)/Uc, of less than one half of that expected in 
an 'equivalent' design, of equal inlet and exit pressure coefficients, using Morel’s 
technique. -Subscripts w, c, refer to test-section conditions near the walls and at
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the centre of the section respectively. *1* is the length of the contraction and Di is 
the equivalent inlet diameter. 'Ax' is the downstream length of the test section 
measured from the exit of the contraction. The velocity lengths, a & b, and
pressure coefficients, Cpf & Cpe, are defined in the respective papers. It is thought
that the gentle exit approach of the axisymmetric design delays the rise of the
centre-line velocity, a situation similar to selecting a smaller wall velocity
overshoot (b) than is necessary in the case of the 2-D design.
Design c Di 
m m
a b Cpi Cpe 1/Di Ax 
m m
1+Ax 
m m
u
%
Axisym m etric 6.3 2080 - 0.12 0.06 1.17 0 2432 2.1
2-D 6.3 2080 0.06 0.08 0.12 0.06 1.13 76 2432 1.0
Table 2.2 Contraction exit velocity non-uniformity at equivalent design 
parameters using: (i) Morel (1975) axisymmetric design, & (ii) 
Whitehead et al. (1951) 2-D design.
The working sections are of a constant 0.9 x 0.6m cross-section, without corner 
fillets. The large side is in the spanwise horizontal direction. Two working
sections are fitted, each is about 1.8m long. These, together with a 'half-section' 
containing the balance, approximately 0.9m long, provide a total reach of about 
4.5m. The sections, which are interchangeable, have been mounted on steel 
frames with height adjustment and retractable wheels for ease of removal. The 
tunnel centre-line height is set at 1.5m above the floor level. Each section has 
four side windows, two on either side, with top removable panels and a common
set of slats to accommodate the traverse system. A ll panels have been fitted with
rubber seals.
The tunnel is also fitted with exit comer vanes to deflect efflux into the vertical. 
Vanes were constructed from thin sheet metal, rolled to 86° circular arcs with 
short straight extensions at the trailing edges. The leading edges are set at a
positive angle of 'incidence' of about 4° to the horizontal, known to give good 
results. The set consists of 25 vanes designed to limit the 'load' at high Reynolds 
number flows, (p.Uh.U=26N/m at U=30m/s). The ratio of the gap between the 
vanes, to the chord, h/c, is about 0.24, consistent with guide lines given by Mehta 
& Bradshaw (1979). For this type of vane construction, the pressure drop is
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estimated to be as little as 1.2(Uc/'u)"0.25 times the dynamic head, which represents 
an insignificant loss and makes the use of a full aerofoil design unnecessary.
Filters of high quality with filtration efficiency greater than 98.5% on Smicron 
particles and above have been installed at inlet to the centrifugal blower to 
safeguard hot-wire probes. Life expectancy of filter modules (disposable) in the
clean Laboratory conditions is estimated at between 6 and 7 years of continuous 8 
hours a day use. The centrifugal blower and motor are mounted on a steel 
framework which is bolted to the floor through Ati-Vibration mountings to
reduce resonant effects due to vibrations. In addition, a rubber gasket has been 
used between the blower discharge duct and the wide-angle diffuser to isolate the 
tunnel from any vibrations that may be induced by the blower. This should also
make it easier to dismantle the various sections for maintenance cleaning of the
screens. Most sections save for the fan and drive units can be man-handled. 
Because of access limitations the fan was part assembled insitu. Should at any 
stage the impeller be removed particular care must be taken to reset inlet shroud
clearance (in accordance to Vendors instructions: -see construction drawings.
Both the drive unit and its thyrister control were transferred from the original 
tunnel. The motor itself is at least 40 years old with a long run record and may 
benefit from a major service. The thyrister unit was acquired more recently
during the first phase leading to the construction of the present tunnel. The
control has several pre-sets that have not been altered since it was originally 
installed. Maximum motor speed at the moment is set at about 700 rpm, 
corresponding to fan speed of about 620 rpm. The fan with the present grade I I  
set of bearing can be run at up to a speed of 900 rpm. Under no circumstances 
should the fan be run above 1000 rpm without first upgrading the bearings.
Speed of the tunnel can either be adjusted locally on the thyrister panel or 
remotely using the hand set. Both local and remote speed displays show motor 
rpm. The hand set digital display is powered by a battery and should be switched- 
off when not in use. In the normal steady mode of operation it is important to 
ensure that the rotor plate of the oscillatory device is locked-open. For the
operation of the tunnel in the unsteady mode see chapter 3. A  summary of design 
features and specifications of major components of the tunnel are included with 
construction. drawings which are avaible separately. Computer (LabVIEW ) 
interface of the traverse is outlined in appendix C.
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2.3 Calibration M easurem ents
This Section deals mainly with start-up problems associated with unexpectedly 
high ’turbulence’ intensities first measured at the exit of the contraction. 
Calibration measurements of the performance of the tunnel are presented at the 
end of the section. A complete calibration of the working section flow 
uniformity, yaw, and boundary layer behaviour is still pending, delayed partly 
due to late commissioning of the traverse system. A ll hot-wire and pitot tube 
measurements presented here were taken at approximately the centre of the 
contraction exit, within about 100mm from the outlet of the contraction. Hot wire 
measurements were carried-out using a DISA type 55D01 Constant Temperature 
Anemometer in conjunction with an integrating voltmeter. Most of these were 
carried-out without working sections. Spectral measurements were made via 
KEMO variable filters and a B&K 2113 Spectral Analyser.
Typical plots of rms turbulence intensity and power spectral density for the 
initial and final situations are shown in figure 2.6. Here, power spectral density, 
(J)(f), is defined as e'^ (f,A f)/A f, where e’2 (f,A f) is the mean square filter output,
f  -is the centre frequency, and A f is the filter bandwidth (which is equal to 0.231f 
in this case). The prime on the power spectral density indicates that the function 
has been normalised by the total signal mean square output, e'2 . The obtrusive
’spike’ in the spectra (figure 2.6b) at the fan rotor frequency, fo, was a
characteristic feature of all the initial measurements, at all tunnel speeds. The
hot wire signal when displayed on the scope showed near sinusoidal oscillations
with minimal background turbulence and only slight amplitude modulation;
nearly all of the turbulence energy in these initial measurements was contained 
within a narrow frequency band |A f/fo |<0.26, log(f/fo )=±0.1. The ’turbulence’
rms intensity, u’/U, varied with the tunnel speed (as shown in figure 2.6a) from 
about 0.2% at low tunnel speeds to nearly 0.4% for Uo>10m/s. The measurements 
were highly repeatable and showed no hysteresis effects at increasing and 
decreasing tunnel speeds.
It was clear almost immediately that the source of the problem was in the fan, and 
in this regard spectral measurements were very helpful. The exact nature and 
position of the problem could not however be established so quickly. A  number of 
faults or poor fan construction could lead to such an effect, including poor blade 
construction, irregular gaps between the casing and the impeller and around the 
shroud inlet clearance, bed inlet design which can cause variation in the static 
pressure at inlet volute, and others. As is often the case in these instances one is
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reduced to trial and error search, and it should be emphasised that the fan 
weighed over a tonne and stands 2m high; the back-plate is some 1400mm in 
diameter, constructed from 5mm thick steel plate. The dimensional construction 
tolerances of the fan is in several mm which is perfectly normal for general 
industrial use, for example, in ventilation and other utilities where most of these 
fans are deployed.
The problem with the pulsation at the rotor frequency has been reduced to a small 
fraction of what it was originally but has not been completely eliminated. 
However, this resulted in the reduction of u'/U by up to 400%, from 0.004 to about 
0.001 (as shown in figure 2.6). The drastic change was achieved by placing a 
large obstruction in the passage of the inlet flow to the fan, as is shown in figure 
2.7a. The sketch shows a sectional view of the fan casing and the impeller with an 
annular ring insertion placed between the inlet flange and the volute, 
significantly modifying the passage of the inlet flow. The ring reduces the 
flange diameter (do) by about 22% (which represents a reduction in the flange 
inlet area of over 35%) and serves to deflect incoming flow away from the rim of 
the volute towards the centre core; it undoubtedly also generates large scale 
turbulence in the inlet flow. Figure 2.7b shows schematics of the inlet flow to the 
impeller with and without the obstruction and indicates regions of possible 
boundary layer separation thought to have been the cause of flow pulsation. Flow 
at entry to a centrifugal blower is most susceptible to laminar separation at entry 
to the blades due to stagnant areas (or even reversed flow) occurring there. For 
this reason proper reinjection of high pressure bleed, through the shroud 
clearance, is extremely important as it serves to re-energise poor flow in this 
area. It is presumed that the deflected flow, because of the higher curvature in 
the outer-most streamlines, sweeps closer to the shroud. This, together with large 
scale turbulence, helps to disturb the flow on the side plate of the impeller and 
therefore avoids periodic lifting of the boundary layer. Poor flow around the 
Shroud, in this case, probably arose because of the large ratio (2:1) of intake 
opening area, ^  dj^ to the impeller entry, jrd ib i, so that, in addition to a tight
corner, a substantial deceleration of the flow occurs towards entry to the blades.
Figure 2.8 shows the distribution of energy behind the impeller of a fan with too 
wide an entry to the blades, to illustrate poor inlet design. The figure shows 
results of tests carried out (Bruno, 1973) on an open impeller without the casing 
and with 90° entry, and therefore represents an extreme case of the present 
problem. In our case separated flow is thought to have occurred periodically.
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The phenomenon in itself is detrimental not because of loss occuring at the bend, 
which can represent a small fraction of the total pressure, but because of the
indirect influence it exercises upon the impeller, which may lead to pulsation. 
Because of the imbalance of the velocity field that results across the breadth of 
the blade passages, a highly undesirable bending moment is imposed on the
impeller. I f  the bending forces are sufficiently large this can cause lateral 
displacement of the impeller. Indeed in our case impeller movements at small
shroud clearances and fan speeds greater than about 350 fan rpm (U q greater 
than about 12m/s) were notable where bending vibrations caused the impeller
side plate to touch the volute. The isolated movements of the impeller might have 
not been completely detected during balancing which was carried out with the 
impeller outside the casing using BS5265 procedures (which essentially have
been designed for balancing of rigid rotors). Such displacements of the impeller
are also likely to modify the separation/reattachment at inlet and may be
responsible for the distinct changes in the working section intensities at 
different speeds (figure 2.6a).
Significant sideways movement of the impeller are undesirable and in long run 
could prove expensive. Two of our older tunnels are driven by Carter How den 
fans of similar construction to the present fan but both are a lot smaller. The 3rd 
(35hp tunnel) is driven by an A ir Screw fan (who are now subsidiary of Carter 
How den) and although larger than the other two, is still smaller than the present 
fan. The impeller back-plate in this case (also constructed from 5mm thick steel 
plate) is reinforced with cross-members and can not be readily flexed. By 
comparison, the impeller in the new tunnel (because of its sheer size) can be
moved back and forth with ease. Measurements of the vibration of the impeller
itself were not attempted as these require extensive setting up. However,
measurements of the fan casing vibration showed some interesting trends.
Figure 2.9 shows plots of working section intensities and corresponding axial
displacement of the fan casing; the latter were obtained with a B&K pick-up (type
2925) mounted on the fan discharge duct. It is expected similar results would have
been obtained i f  the pick-up had been mounted on the shaft bearings. The two 
sets of results shown are for normal operating position, with the fan bolted to the 
floor through Anti-Vibration mountings, and with the fan propped on rigid 
wooden blocks. Note that these measurements were made prior to the insertion of 
the annular ring. Whilst there is little direct correspondence between the casing
vibrations and working section intensities, it is notable that the peak flow 
pulsation occuring at around 500 motor rpm corresponds closely to the speed of
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resonant displacement of the fan casing (compare figures 2.9a &  2.9b). Note also 
that the initial rise in the working section intensity (with increasing speed) 
occurs around the first sub-harmonic of this frequency. This link (between fan 
vibrations and working section intensity) suggests that the vibrations are driven 
by movements of the impeller, as the fan itself was totally isolated from the 
tunnel.
Frequency e’2 ( f ,A f ) /e '2  ( t )
log ( f / f o ) Casingdisplacement Turbulence
-0.1 0.007 0.03
0.0 0.69 0.89
+0.1 0.007 0.01
Table 2 . 3  Vibration & turbulence energy at and near f o = 5 H z  
with the fan rigidly mounted. U=llm/s; u'/U= 0 . 2 5 % .
Table 2.3 compares the spectral contents of the test section turbulence and the 
displacement of the fan casing. Here note that much of the vibration energy is 
also concentrated at the rotor frequency, fg. These results are typical for all fan 
speeds above about 150 fan rpm. In a normal situation one would expect vibration 
'noise' from the fan to have a relatively broad frequency bandwidth. The fan in 
the present case literally oscillates at the frequency of the impeller. It  must 
therefore be considered that the impeller flexes and induces periodic movement 
to the fan through the drive shaft and into the casing. Oscillation of the impeller 
is possibly induced by flow instability of the type discussed above, but is equally 
feasible that the fan is inadequately balanced. Carter Howden have balanced the 
present impeller (as they generally do) at a single speed, external to the fan,
mounted directly on a Balancing Rig with pick-ups on each bearing. The
impeller here is of the overhang type secured to the 5mm back-plate only in the 
centre, without radial stiffening of any kind and as pointed out earlier can easily 
be flexed with a gental push. In such a situation displacements of the bearings
(or any point other than on the impeller itself) would not represent the true out 
of balance forces: much of the initial vibration would be 'soaked' through strain 
energy within the impeller itself. For this reason BS-250 recommends a more 
stringent balancing procedure for all flexible systems. It is also interesting and 
perhaps significant that balancing in this case was carried-out at 240rpm
although indeed the fan is designed to run at speeds of up to 900rpm and at speeds 
of over 1000 rpm by substitution of the bearings alone. BS-250 covers balancing
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criteria for a wide range of machines but generally recommends balancing is 
carried-out at the highest operating speed. Here, measured vibration energy at 
450 fan rpm is over 4500 percent of that at 240 rpm!
The inlet shoud clearance has been set to around 8mm. Clearances of less than 
about 5mm (which is approximately 1% of the width of the blades) cannot be 
sustained through 400 motor rpm due to excessive periodic rubbing of the 
impeller against the volute. This movement, at the shroud gap, could represent up 
to 20mm peak to peak displacement on the outer diameter of the impeller. It is 
therefore recommended that the balancing of the impeller should be checked
insitu when the opportunity arises. For now, whilst the operation of the tunnel is 
satisfactory, its full potential cannot be realised as slight pulsation still remains.
The problems encountered by Johnson &  Hancock (to be published) demonstrate 
yet another type of flow instability that may develop in a centrifugal fan leading 
to pulsation of a similar type to that described above. In their case too, over 80% 
of the total turbulence energy was contained at f^. Pulsation there was largely 
suppressed, but not entirely eliminated, by placing sandpaper trips on the 
impeller blades. Similar modifications were tried in the large tunnel during early
stages of the investigation, but did little to improve the situation in this case.
Plots of the tunnel operating point and the (remaining) fan characteristics are 
shown in figure 2.10 for the maximum fan speed of 850rpm. A t this rpm, the 
working section velocity can be obtained directly from the volumetric flow 
coefficient, q)=240.Q/;t^d2^n, by substituting the calibrated value <p= 0.23. Here, Û2
is the impeller exit diameter (=1.340m) and n is the fan speed in rpm. For other 
rpm, the working section speed may be obtained from U 2  = (n 2 / n i ) U i , where 
subscripts represent initial and final conditions. Similarly the fan static 
pressure, which is proportional to the square of the speed, can readily be 
estimated. The characteristic curves shown in figure 2.10 were deduced from the 
Vendor's data which is included with the construction drawings. Use of data in 
this form is particularly suited for determining operating points at other tunnel 
power-factors, e.g. on addition of turbulence grids, but should only be used for
estimations. - However, where it is desirable, free stream velocity can be estimated
from motor rpm reasonably accurately. As an example, figure 2.1È^ shows a 
calibration of U q against motor rpm (for a specific test section configuration) in 
which Uo is given (to within ±0.5%) as:
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Uo = -0.72 + 0.036N, (m/s).
Note that the motor rpm, N, is read more accurately from the hand set digital speed 
display. Measurements with and without the inlet device (as shown in the figure) 
agree closely provided the device is locked open.
Curves of pressure drop coefficients of monofilament screens, determined using 
formulae due to Collar (1939) and Wieghardt (1953), accessed from Mehta (1977), 
are shown in figure 2.12. Table 2.4 gives a summary of estimated design losses, 
including those due to other components. Screen losses shown in this table have 
been taken at the mid-range working section speed of 15m/s. A  further summary 
of design pressure drop coefficients, K , and those determined from actual 
measurements -Ke, of three separate tunnel configurations are shown in table 2.5. 
Configuration ’C  represents the final tunnel set-up. Note that each configuration 
is achieved by adding-on the various components, AK and A K e  represent the 
change in design and ’measured' pressure drop coefficients from one stage to the 
next.
Item A p / 0 . 5 p U ^ A p / 0 . 5 p U o ^
screen-1 1.3 0 . 2 2 4
-2 1.4 0.186
-3 1.4 0 . 0 6 2
-4 1.6 0.40
- 5 1.6 0 . 0 5
-6, 7,8 3(1.6 ) 0.121
Inlet Filters 16.0 0.140
Honeycomb 1.0 0 . 0 2 5
Working sections 0.06 0.06
Corner vanes 0.06 0.06
Exit losses 1.0 1.0
Overall K= 1,970
Table 2.4 Tunnel overall design pressure drop coefficient 
(K), Uo=15 m/s.
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C onfiguration A p / 0 . 5 p U o ^
AK AKe K e/K
A; screens + exit 
B; ’A ’ +i/f, w/s, c/v 
C; ’B’ + h/c
1 . 6 8
1 . 9 4
1 . 9 7
1 . 7 3
2 . 0 7
2 . 5 8
0 . 2 6 0
0 . 0 2 5
0 . 3 4 0
0 . 5 1 0
1 . 0 3
1 . 0 7
1 . 3 1
Table 2.5 Pressure drop coefficients for cases A, B & C: i/f=inlet filter,
w/s=working section, c/v=corner vanes, h/c=Honeycomb.
Data in table 2.5 is presented to highlight a discrepancy that is difficult to 
reconcile, without assuming major errors in measurements pertaining to 
configuration 'A'. Uncertainties in the results of configuration ’B’ &  ’C’ are small 
as these are based on many measurements that were taken during the initial 
investigations. The difference between the design estimate and actual achieved 
tunnel top speed of the final configuration amounts to no more than 10% -a 
shortfall of about 4ms"  ^ from the designed 35.5m/s. This is equivalent to placing a 
screen at the exit of the tunnel with a K-value of about 0.6, and would pass 
unmentioned except that, apparently, most of the difference arises from a poor 
estimate of the pressure drop across the honeycomb. Estimates of pressure losses 
in configurations A & B, that do not contain the honeycomb but contain all other 
components, differ only by a small amount to those determined from 
measurements. The difference in configuration *C’, represents an underestimate 
of pressure drop across the honeycomb alone of over 2000 percent! But recall, 
here, that the honeycomb is mounted directly in front of a ’chopper screen’ 
(screen no.5 in figure 2.1b). It is possible therefore that the honeycomb +screen 
combination results in a much higher K-value than is generally taken.
The pressure drop across the coupled device was expected to equal, approximately, 
the sum of individual losses of the honeycomb and the screen, consistent with 
Loehrke & Nagib’s (1976) estimates which are reproduced in figure 2.13. In  
addition to the tabulated values, plots of pressure drop coefficients of individual 
inserts appear in both reference papers (1972:76) but neither show similar plots 
for the coupled device. Whilst it is almost inconceivable that such a large 
increase in pressure drop could have possibly been missed there, it is interesting 
to note that the results of Johnson & Hancock (to be published) imply a similar 
anomaly. They found a marked reduction in the mean flow non-uniformities 
when coupled conditions were used, (vis. with the gap between the honeycomb
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and the chopper screen reduced to less than 5 mesh sizes). Their final settling 
chamber configuration produced approximately 70% better cross-section 
uniformity of the mean velocity than their worst case, achieved mainly by 
moving one screen just downstream of the honeycomb. Placed alone, a screen 
operates on mean flow non-uniformities by imposing a pressure drop that is
proportional to the square of the local speed, and therefore reducing variations to 
the mean. Presumably the combined device operate on a similar principle, in 
which case the present results would indicate that the honeycomb +screen
combination has a much higher pressure drop coefficient than the algebraic sum 
of the individual coefficients.
One should emphasise that the work of Loehrke & Nagib focuses on the reduction 
of turbulence in uniform flows, so they might have missed this important 
characteristic. I have calculated a turbulence reduction factor, the ratio of 
turbulence level downstream of the device to that in the upstream position, for 
their 25mm Straw-Screen combination, based on a revised K-value consistent with
our estimate of actual pressure losses, i.e. an increase of twenty fold to their given
straw pressure coefficient value at U=3m/s which would have been a typical 
settling chamber velocity in our case. The results are shown in table 2.6a. Here 
Fu, the turbulence reduction factor, has been calculated using formulae due to 
Dry den & Shubauer (1947), derived essentially for screens, where the reduction 
factor is given as:
F„ = ^" V ( l+ K )
The near exact agreement is obviously fortuitous, but that there should be any
agreement is encouraging. Loehrke &  Nagib carried out their experiments on a
number of straw sizes. The 25mm straw configuration was chosen for comparison 
because this most resembles our combination (see table 2.6b) from which the 
pressure drop coefficient has been estimated. However, in spite of the good
agreement between their measured Fu and that estimated here, the comparison
should not at this stage be taken further than to indicate that direct
measurements of pressure drop across honeycomb +screen combinations are 
needed. Tests should preferably be carried out on settling chamber flow where
non-uniformities at entry can be expected to be of the order of 10 percent.
Consideration must in addition be given to the effects of screen solidity and
matching of honeycomb cell size to screen thread diameter. The latter, as the
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above authors point out, is probably most critical in determining whether residue 
turbulence is suppressed.
K u 'l/U o u*2/Uo u’2 /u’ i (=Fu)
Loehrke &  Nagib (measured) 2.0 0.08 0.014 0.17
Estimated 29 0.08 0.015 0.18
Table 2.6a Comparison of measured & estimated turbulence intensity reduction 
factors using (in the latter) corrected pressure drop coefficient.
Straw/Honey comb Chopper Screen
Uo 
ms-1
M
mm
L
M a K Km M
m m
d
mm
o K K-m Rd
Loehrke& Nagib 
Present
3.0
3.0
4.45
6.0
5.6
10.0
0.20
0.02
1.4
1.0
1019
1374
0.84
0.64
0.13
0.20
0.28
0.42
0.86
2.0
192
147
30
45
Table 2.6b Details of 25mm straw+screen used by Loehrke &  Nagib (1976) and 
the present honey comb+screen combination.
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Figure 2.7a. Fan sectional plan sketch showing annular ring (placed between the 
inlet flange and the volute).
Region of reversed flow
Annular Ring
Volute Reinjection
Figure 2.7b. Schematic interpretation of normal (i) and deflected (ii) passage of 
the inlet flow to the fan impeller : Note regions of stagnant flow.
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Figure 2.8 Distribution of total energy behind an open' impeller under extreme 
conditions of poor entry. (Bruno, 1973).
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PRODUCTION OF OSCILLATORY FLOW
3.1 Review of Existing Techniques
Numerous authors have constructed flow facilities employing a variety of
techniques to produce a fluctuating periodic mean flow. These range from
'simple* insertions into the Wind Tunnel of a variable flow blockage device to the 
more esoteric designs incorporating structure of the tunnel as part of the
oscillating mechanism. Most of these facilities have been used to study the effects 
of unsteady flow on the behaviour of boundary layers, (Karlsson, 1959; M iller & 
Fejer, 1963; Cousteix et. al 1977; to give only a few examples), and vortex shedding 
from bluff obstacles exposed to oscillatory flow, (Hatfield & Morkovin, 1973; 
Barnes &  Grant, 1983; Knisely et a l, 1984; and Barbi et.al., 1986). In these cases it 
is desirable to produce a flow with large fluctuations that closely models idealised 
free stream conditions U = U o (l + aSina»t) which are used in most theories of 
response to periodic flows. Generation of a flow of this type in Wind Tunnels has
proven not to be simple. In the study of vortex shedding this is partly reflected
by the fact that there has not been a single experimental study, in which it has 
been possible to investigate all the parameters that effect 'frequency lock-in' 
other than over a limited range of flow regimes.
By far the most common technique employed in Wind Tunnels to generate
oscillations in the flow is to use rotating vanes, valves, or shutters placed
downstream of the test section. Examples of this arrangement are numerous,
Karlsson (1959), Miller & Fejer (1963), Cousteix et al. (1977), Bames & Grant (1983), 
Knisely et al. (1984), Femholz et al. (1982), and others. A  typical arrangement is 
shown in figure 3.1a. In these cases velocity oscillations in the test section
(located upstream of the device) are induced by the periodic blockage of the flow 
produced by the device. The blockage generates a back-pressure which 
propagates the fluctuations. Induction of oscillations to very high frequencies 
(>IOOHz) is possible, unequalled by other arrangements. Use in practice however 
is often limited to moderate frequencies, (often less than 50Hz) and intermediate 
blockages partly because of objectionable noise levels emanating from the 
tunnel, and partly due to the collapse of the signal amplitude and excessive
harmonic distortions at higher frequencies. Sinusoidal waveforms of acceptable
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purity and desirable high amplitudes are frequently induced only at the tunnel 
resonant frequencies and, to a lesser degree, for frequencies up to the lowest 
natural frequency of the tunnel, fa, corresponding to the first or fundamental 
mode of acoustic response. Flow fields that are described at frequencies f>fa are  
complex with almost an unlimited amount of harmonic energy which can vary a 
great deal with f  and streamwise position (see, for example, figure 9 of Femholz et 
al., 1982). The intense acoustic field induced by the device is used to advantage to 
enhance and purify the signal through resonance at the tunnel natural
frequencies, but at a price of unwanted by-products: i) departure from idealised
free-stream conditions at other frequencies, and ii) non-linear interaction
between velocity and pressure fields - see Morkovin et al. (1971).
Simpson et ai. (1978) and Charnay &  Mathieu (1976) installed their shutter 
devices at upstream positions within tunnel ductworks. Both of these tunnels are 
of the blow-down type. The tunnel at SMU, Dallas (Simpson et al., 1978), shown in
figure 3.1b, incorporates a programmable ’damper’ in which the rotational speed
of the individual vanes is independently varied in a feedback loop from the output
signal. In this way velocity waveforms of high purity are produced at the test 
section of the tunnel. They tested their device to a maximum flow frequency of 
about 2Hz. Assuming a quarter wavelength acoustic response, so that 
fa=c /X .=c/4Lt, the maximum frequency tested is seen to be less than fa. Close 
control of the quality of the signal to higher frequencies (f /fa > l) using this 
technique (which to my knowledge has not been tried) may prove difficult. 
Charnay & Mathieu (1976) on the other hand installed shutters upstream of the
wind tunnel contraction and settling chamber. The shutters consisted ^plane
vanes, of similar type found in the downstream devices. Their device was tested 
over flow frequencies of up to lOOHz (=5.6fa). However, sinusoidal waveforms of 
high purity and relatively large amplitudes (a > 0 .2 0 ) could only be induced over a 
narrow band of frequencies around 18Hz (=fa). A t other frequencies the signal 
was distorted with harmonics due to acoustic interference, in a similar fashion to 
downstream devices. There are however salient differences between the flow in 
this case and that in the case of a downstream device. A critical measurement 
presented by Charnay &  Mathieu is that of the variation of a along the test section 
which they estimated to be less than 2 0 % over 2 m of the exit portion of the 
section. This is an order of magnitude smaller than is generally possible with 
downstream devices due to close proximity of velocity node in these cases; a 
variable blockage device, in general, imposes a boundary condition on the 
unsteady velocity in the plane of the device. Where a device is therefore located
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in the downstream position, a velocity node is imposed in the vicinity of the test 
area. Equally, however, in the case of upstream devices (with the test section 
open to room conditions), there will be large variations in p’ along the test section 
because of the close proximity in this case of the position of zero acoustic
impedence. Large variations along the test section in p* or u’ arise whenever the 
wavelength gets sufficiently small. This often occurs with the device passing
frequency well below f&; strong acoustic coupling is often induced for all f>0.5fa. 
It  is, however, expected that at equivalent U, f, u', absolute levels of fluctuating 
component of static pressure generated (in the test section of the tunnel) by an 
upstream device w ill be smaller, since the velocity fluctuations (for this case) are 
in part induced via loss of dynamic head. This is one of the main motivations for 
placing a variable blockage device in the upstream position. Another main 
advantage is that in doing so, noise in the working area is reduced and potentially 
may be contained in the other parts of the tunnel (see figure 3.1b). The level of 
noise emanating from a downstream device can be ascertained from Fernholz et
al. (1982): their figure 5 shows that in their case the acoustic intensity (p '^/pc),
measured in the test section, was greater than 400watts/m^, reached with  
moderate velocity fluctuations (a<15% ) at a free-stream speed of 11 m/s; (density 
of air p=1.2 kg/m^, and speed of sound c=343 m/s).
There are several other techniques that have been used to generate fluctuating 
mean flows in Wind Tunnels that avoid acoustic interference. Examples of
techniques in this category include Oscillating Flaps, used by Patel (1977); moving 
wall design used by Kendall (1970), a configuration similar to that discussed in
Femholz et al. (1982) due to Holmes; and a flow by-pass technique described in 
Barbi et al. (1986). These and other examples employing similar schemes are
discussed in detail in the compilation of unsteady turbulent boundary layer 
experimental data carried out by Carr (1981). Large pressure discontinuities that 
are inherent in the design of variable blockage devices are avoided here in all
cases, although this may not be strictly true at higher frequencies. Often
however arrangements of this sort are restricted to operate at lower frequencies
mainly because of difficulties in driving oscillatory mechanisms to higher speeds
(common to all such schemes). The main disadvantage over the more popular
variable blockage devices is perhaps on the intensity and quality of velocity 
waveform produced. Oscillating flaps (figure 3.1c), propagate flow fluctuations
through fluctuating vorticity in shear layers generated behind the oscillating
body. The resulting flow fields are either highly turbulent at full cross-section
penetration u f vortex sheets, or have poor cross-sectional uniformity at partial
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penetration. Difficulties in avoiding flow separation from the generating body in 
this case further limits the range of frequencies and displacements possible. 
Application of this arrangement is inevitably restricted to induction of weak 
fluctuations of relatively low frequencies. Moving-wall designs face similar 
restrictions. The technique of flow by-pass is sound but perhaps difficult to 
apply. The only example found in the literature of this technique applied in a 
Wind Tunnel is that used by Barbi et. al (1986), due to Maresca. In this case 'bleed- 
flaps’ were installed in the settling chamber of a blow-down wind tunnel to drain 
part of the flow periodically, producing 'nearly' sinusoidal velocity oscillations in 
the test section. Examples of waveforms for this facility are shown in figure 3.2. 
Total Harmonic Distortion or THD (the ratio of energy in the harmonics to that 
around the fundamental frequency) is quoted at about 30% for all frequencies (1- 
7Hz), composed mainly of 1st and 2nd harmonics. The authors found no evidence 
of acoustic interference even at large amplitudes of velocity oscillations of up to
50% of the mean value. It might however prove difficult to improve on the purity
of waveforms produced and further distortions may be unavoidable at higher
frequencies. In this case the frequency range was limited by the flaps oscillating 
mechanism.
The usefulness of an unsteady flow facility can partly be measured by the range 
in velocity amplitude and frequency over which a periodic flow of relatively 
high purity is produced without spurious tunnel effects. Figure 3.3 shows 
amplitude of velocity oscillations against frequencies that have been possible in 
the various Wind Tunnels. Most of the data shown in this plot has been obtained 
from Carr (1981). Each point shown either represents a position selected by the 
author(s) for their experiment and therefore implying an acceptable signal
quality, or where it has been stated that harmonic distortion is not greater than 
about 5%. From any one set of experiments not more than two or three points are 
shown. These include positions of highest frequency and largest amplitude used. 
In total, measurements from 14 tunnels of differing sizes and configurations are 
shown. Closed symbols are used to indicate where the tunnel is tuned to a 
frequency of higher order than fg. In general each point shown here should be 
viewed as an isolated operating point with measurements taken at a fixed position 
in the test section. There is no guarantee that similar amplitudes are reached at 
other frequencies, including lower frequencies, or that the flow is homogeneous 
particularly along the test section. Despite these limitations we may make one or 
two important observations. The figure shows that only very few experiments 
have been ■ possible at frequencies much above about 40Hz, or at velocity
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amplitude of oscillations greater than about 30% of the mean speed. One should 
also note the sheer number of variable blockage devices and their dominance at 
high frequencies and large amplitudes. Often however where large amplitudes 
have been possible, these have been limited to lower frequencies, and vice versa. 
The few cases in which large amplitudes have been induced at relatively high 
frequencies deserve a particular mention together with measurements of M iller &  
Fejer (1963), not shown in the figure, where amplitudes greater than 50% of the 
mean velocity were induced at f>100Hz.
M iller & Fejer (1963) carried-out their experiments in the closed circuit return 
tunnel with downstream shutters at IIT , Chicago. In an open-circuit tunnel, 
under moderate conditions compared to those used by M iller &  Fejer, (similar 
free-stream speeds but lower a ) , the noise outside the tunnel has generally been 
described as unbearable; examples of these are points 4 &  12, Karlsson (1959) and 
Fernholz et al. (1982) respectively. A t maximum vane settings necessary to induce 
large amplitudes, Fernholz et al. measured sound pressure levels in the 
Laboratory of up to 125dB, reached at frequencies below 50Hz and moderate free- 
stream speeds of 7 m/s. This lead them to restrict vane settings to intermediate 
values (a <0.15) and lim it the time of continuous use of the tunnel to avoid 
structural damage to surrounding equipment and the building. Conditions at IIT  
are described as noisy but not unbearable. Clearly it is unlikely that in this case 
pressure intensity in the test section of the tunnel reached the high levels of 
open circuit configurations referred above. The difference presumably is due to 
containment and recirculation of unsteady kinetic energy. Two other sets of
experimental conditions carried out in the IIT  facility are shown in figure 3.3,
Obremski & Fejer (1967) and Hatfield & Morkovin (1973). In these cases, however, 
frequency and/or amplitudes are limited to somewhat lower values.
A ll variable blockage devices produce sinusoidal velocity waveforms of high 
purity at f = f a -  One way of reaching high frequencies, therefore, without 
exceeding fa is by reducing the ‘acoustic reflective' length which determines fa.
For most tunnels the concern is with streamwise modes of vibrations, the upper 
transversal modes do not enter the problem because their frequencies are usually 
high, (>170Hz for a section with less than 1 metre sides). Points 12 & 3 in figure 
3.3, Fernholz et al. (1982) and Cousteix et al. (1977), are cases of compact 
configurations. Both of these are open circuit suck-down tunnels with rotating 
vanes placed downstream of test section. In these cases the quarter wavelength 
resonance is observed; the critical length is from the plane of the device to the
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open intake. The tunnel in Toulouse, Cousteix et al., has a test section size of 100 x
110mm, essentially a bench-top size, fa is given as 40Hz. That in Berlin, Fernholz
et al., could be varied in length from over 6 m to less than 2.5m, in this way the 
overall length of the tunnel is 'tuned' to a quarter wavelength of the desired 
frequency, (Lt=c/4f). Conditions shown at 40Hz correspond to the shortest tunnel 
length. The short length may prove too compact for most tunnels (o f standard 
configuration) with equivalent test section size of 500 x 500mm.
The problem of generating a periodic flow in a Wind Tunnel is without doubt a
very difficult and complex task. After over half a century of continuous use of 
unsteady flow facilities many features of the flow are still not completely 
understood or well documented. Direct comparisons of the various facilities are 
difficult and limited because of the broad differences in the type of flow that is 
generated in each case. Numerous techniques that have been devised have
benefits and limitations; no one design is clearly better than others.
The following section outlines the operation and design of a variable blockage
device, installed at inlet to two blower Wind Tunnels of differing sizes. In this 
case flow oscillations are induced by regulating the intake area to the tunnels' 
centrifugal blowers. Details of the arrangement o f the device and principal 
characteristics of the flows produced in the two cases are given below. Both 
tunnels have been used to carry out extensive measurements on the effects of the 
oscillations on vortex shedding from bluff bodies. These are presented in chapter
5 & 6  of the thesis.
3.2 The Inlet Device
3.2.1 Experim ental Arrangem ent
This section concerns the experimental arrangement used during the 
development and testing of the inlet buffer device that was carried out in the 
small no.3 (0.3x0.3m) wind tunnel shown in figure 3.4. The tunnel is driven by a 
centrifugal blower (type CH410A -manufactured by Carter Howden), of a similar 
construction to that installed in the large tunnel (see chapter 2). In its basic 
configuration, the tunnel produces a high quality stream (0-16m/s) with rms 
turbulence intensity u'/U of less than 0.2% and cross section velocity uniformity 
better than ±0.4% ; achieved within one duct diameter from the exit of the 
contraction. During the present work a honeycomb was added in the settling 
chamber and several screens were either added or relocated (see table in figure
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3.4) to improve the performance of the tunnel. The new configuration is based on 
screen selection criteria used in the design of the large tunnel and has resulted in 
a significant reduction in the intensity of turbulence which previously rose to 
about 0.5% at the top speed range. Current work was carried out in the new 
tunnel configuration.
Figure 3.5 shows the final arrangement of the inlet device installed in this 
tunnel. The device consists of a simple stator and rotor combination enclosed in a 
surrounding box which was directly secured to the inlet scroll of the centrifugal 
blower. The device therefore formed a separate stand-alone unit which could 
readily be dismounted. Intake air to the blower is regulated through cutouts in 
the stator/rotor plates and variable size bleed air holes located on the sides of the 
enclosure (see photo in figure 3.5). Note that the rotor was driven by a separate 
small d.c. motor which was mounted to the rear of the stator plate. In this way it 
was possible to directly couple the rotor to the drive without significantly
interfering with the passage of the flow. The rotor, which in this case is 500mm 
in diameter, was machined from a 3mm aluminium disc and was stiffened by
attaching bicycle spokes between the outer rim and a hub which was anchored on 
the motor shaft. This proved adequate and sufficiently light to allow rotational 
speeds of up to 600rpm, reached with a drive torque of less than O.lNm. In order 
to reduce the influence of swirl components on the performance of the blower, a 
honeycomb was mounted between the inlet assembly and the fan inlet scroll. The 
distance from the plane of the device to the normal fan inlet is a little less than 
the inlet diameter of the scroll.
In the earliest arrangements the stator plate was butt-mounted against the fan 
inlet scroll and the rotor was driven externally via a bicycle chain. Both the
stator and rotor plates contained sector-shaped cutouts of equal size which
essentially leads to a triangular-like variation o f inlet area with time.
Nonetheless, the test section flow was found to be reasonably sinusoidal. The
velocity fluctuation amplitude was varied by adjusting the gap between the rotor 
and the stator, and hence varying the amount of bleed air entering the fan.
However, ' it proved difficult to maintain rotor rigidity with this arrangement and 
adjustment of bleed air could only be carried out with the device stationary. The 
addition of the enclosure box therefore not only facilitated inclusion of the
honeycomb (which was considered desirable) but also provided a secondary 
means of introducing bleed air. This proved invaluable during experiments as
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the amplitude of the velocity fluctuation could in this case be adjusted with the 
device in operation.
The relationship between test section free-stream speed and open inlet area was 
also initially unknown; the combination of the sector type cutouts in the earlier
plates was based on the fact that almost exclusively plane vanes have been used in 
variable blockage devices. These produce triangular-like area variation. 
However, later measurements showed that the velocity waveform would be
improved with a sinusoidally varying inlet area. This is indicated from figure
3.6a which shows the variation of free-stream velocity as inlet area to the fan (A i) 
is statically increased from a small fraction to unobstructed, 'free-air' condition. 
Here, free-stream velocity and inlet area have been normalised by their
unobstructed values, Um & ^ d i^ , to give the reduced parameters Up and Ar
respectively; dj is the diameter of the fan inlet scroll, representing the normal 
unobstructed condition. Note that results from the large tunnel, also shown in the 
figure, collapse in a single curve with those from the small tunnel. The figure 
shows that for small amplitudes of oscillations the relationship between Up and Ar 
is approximately linear; moreover, the relationship between 1/Ur and 1/Ar is 
linear over a substantial range of Ar (figure 3.6b), so that Ur is approximately 
defined by:
Ur=Ar/(a+bAr), (0. KAr< 1.0)
where a and b are constants. This expression shows that from a static point of 
view, the waveform of velocity fluctuations is determined by the form of the inlet 
area variation; u*=Ar'/(a+bAr)^, In addition to modifications outlined above, the 
cutouts in the stator and rotor plates were therefore redesigned to yield a closely 
sinusoidal area variation. These changes significantly improved regularity of the 
velocity waveform, increased the amplitude of fluctuations (at equivalent inlet 
conditions), and greatly reduced vibration of the inlet assembly.
Figure 3.7a shows the geometry of the final rotor and stator combination used. 
With this combination it can be shown that the open area varies according to:
dA/dt = -2Lj-ro)Cos0.[l-(Lr^/r^)Sin^9] , (O&BaBmax)
where to is the rotational speed and Up and r are defined on the figure. Whilst, as 
this expression shows, the distortion from a truly sinusoidal variation is not zero,
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for the values of Lj- and r chosen (so that r/Lr=Sin8 max) it is very small indeed (see 
figure 3.7b).
The reduced admission area (A i) is made up of three main components: i) the area 
introducing bleed air downstream o f the device, ii) the peripheral area 
representing seepage between the plates, and iii) regulated area through the 
rotor cutouts, represented by the expression above. The bleed air component adds 
to the mean alone, whereas the peripheral component plays an increasing role 
with the closure of the more direct route (via the rotor cutouts) and is therefore a 
function of the relative position of the rotor. These three components are 
combined to give an approximate expression for the total inlet admission area:
Ai= A i +AAi.Sin(ot,
w h e re  A { =^d^+Dbi)+Ag,
and AAi = ^ d 2 -D b i):
d is the diameter of the stator ports: note that a four port configuration was used 
(figure 3.7a), bi is the peripheral gap between the stator and rotor plates, D is the 
rim diameter of the rotor plate, and Ag is the bleed air by-pass area. The ratio of 
the reduced area to normal inlet area, A^= A { /^d i^ , and the reduced amplitude of 
the area variation, A A i / A i ,  are the main inlet parameters. The latter w ill
generally be referred to as the blockage ratio. In  the original arrangement 
where the stator plate was butt-mounted to the fan inlet scroll, D=di, and therefore 
A r  is inherently reduced to a small fraction. This can be unacceptable since the 
operating point of the fan (as a result of reduced inlet volumes) is shifted by 
significant amounts. Whether or not large reductions in the design inlet area can 
be tolerated w ill depend on the operating point of the fan. It is recommended that 
the fan be operated around the position of peak efficiency, where also small 
changes in Ap lead to desirable large variations in volumetric flow rate. Here, in 
the final arrangement (with the addition of the by-pass facility) Ar could be 
adjusted up to 0.7. This allowed the blockage ratio to be varied between 0.1 and 0.8.
The device was tested over a free-stream velocity range of up to about 8m/s and 
frequency of flow oscillation of between 3 and 40 Hz. The test section velocity was 
limited in two ways: at high blockage ratios, the mean inlet area is reduced, 
therefore limiting the top speed possible. Often, however, the top speed was
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voluntarily restricted to avoid damage to the tunnel structure due to excessive 
vibrations induced by the flow. In this respect it should be emphasised, that both 
present tunnels are constructed from 9mm plywood and have not been reinforced 
in any way for use in the unsteady mode. The range of frequencies tested in this 
case was limited by the rotor drive power. However, the tests cover the range 
considered viable for the operation of the device.
The study involved taking many velocity and spectral measurements. These were 
made using standard instrumentation which is described in chapter 4.
3.2.2 Flow in the Small Tunnel
In this tunnel closely sinusoidal velocity fluctuations are produced up to 
frequencies around 1.4fa, where fa is the fundamental quarter wavelength 
resonance frequency based on the total distance between the device and the exit 
of the tunnel. A t constant fan speed the fluctuation amplitude generally fell with 
increasing frequency of flow oscillations, as shown in figure 3.8a, and at constant 
frequency the amplitude rose linearly with the tunnel speed, figure 3.8b. The 
figures show examples of response curves for different blockage ratios; larger 
ratios give larger effective inlet area fluctuations and hence larger velocity 
fluctuations. With increasing frequency the response time (o f the fan) to the 
unsteady flow is decreased, and hence the decay in a with frequency; a linear 
relationship between a and the inverse of the frequency (as may be expected 
from this effect) is approximately bom out. Note however a distinct discontinuity 
in the rate of decrease of a  with f  near f/fa= l for the higher blockage case (curve 
ii, figure 3.8a). Similar changes in the frequency response curve occur for other 
blockage ratios but the cut-off point becomes less defined with decreasing 
blockage, as the second example in the figure shows. The exact reasons for this 
behaviour are not clear and were not rigourously pursued . However, it was noted 
that there was an increase in audible noise emanating from the tunnel as the 
frequency was increased above the critical value. This suggested a possible 
acoustic interference but no clear trends emerge. In particular, the cut-off 
frequency was unaffected by the tunnel overall length which, is known to have a 
strong influence in the frequency response of acoustically driven flows. Figure 
3.9 shows typical response for different tunnel lengths, all else being the same. 
The overall length of the tunnel was changed by adding on additional test 
sections. The results shown in figure 3.9 are for tunnel configurations with one 
and two Im  long test sections respectively.
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For acoustically driven flows, the amplitude of the velocity fluctuations is 
expected to vary as the speed of the flow, since the acoustic pressure is directly 
proportional to the speed (Ap = pUc). This is the type of response expected at high 
frequency of oscillations as f  becomes much greater than fa. In the absence of 
strong acoustic influences, the behaviour of the flow in the test section is 
governed mainly by the behaviour of the pressure rise across the fan, A p. Indeed 
under normal conditions of steady flow, the dynamic head in the test section may 
be deduced (to within a few percent) from A p = K (~ p U 2 ), where K is the overall
pressure drop coefficient. This is so because the total pressure at fan discharge is 
approximately equal to pi+Ap; the dynamic head at fan discharge being small as it 
involves only residue or unconverted kinetic energy of the term ^  in
the Euler expression for total pressure produced by a centrifugal blower: pi is the
pressure to the fan inlet proper, and c ] , C2  are the absolute impeller inlet and 
discharge air velocities. Since in this case the instantaneous pressure rise across
the fan is proportional to the square of the speed, it is expected that the resulting 
velocity fluctuations (u*), arising from pi‘, w ill also be proportional to the square 
of the speed. The linear relationship found between a (= A U /U ) and the speed of 
the tunnel is therefore accountable almost completely from hydrodynamic losses.
The acoustics were however not unimportant here and, in particular, it was found 
that the quality of the signal was noticeably better at frequencies around fg, with 
much smaller total harmonic distortion than at other frequencies. This is
illustrated in figure 3.10 which shows how harmonic distortion (THD) varied with 
frequency. The figure, which also includes results from the large tunnel, shows
that in both cases THD is particularly low around fg and that the highest
distortions are induced around f/fg=0.5. For both cases the first harmonic 
component was found most obtrusive; this contained over 90% of the distortion 
energy. However, for the small tunnel there was no evidence of strong 
acoustically driven resonance until at rather higher frequencies when the signal 
quality began to deteriorate markedly. Figure 3.11 shows examples of velocity
waveforms at f=fg & f=2fg, for equal inlet and tunnel conditions. Note that in 
comparison to flows described in the cases of downstream devices, acoustic
resonance found here (even in the case of f=2 fg) can only be described as weak. 
For example, Morkovin et al. (1971) found the flow in the test section (a few
inches upstream of the device) could adjust to 2 f  when the passing frequency of
the device was half this frequency, their figure 15.
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The signal quality was virtually unaffected by the speed of the tunnel and was 
only marginally influenced by blockage ratio. Figure 3,12a shows the change in 
the first harmonic component as the blockage ratio is increased from 0.4 to about 
0.7. The figure shows that in this range (which represents a five-fold increase in 
a )  E (2 fo )/E (fo ) is approximately doubled. W ith increasing blockage, the 
bandwidth of the signal is also slightly increased (as shown in figure 3.12b). 
Note, however, that the bandwidth at the half power point as a proportion of 
centre frequency (for the case shown, with f/fg=0.9) is less than 2% even at the 
higher blockage ratio of 0.7.
Figure 3.3 includes three operating points for the present tunnel (labelled 12). 
The region to the left and below the line joining these points represents the 
viable operating range of the device.
Buffer plates have in the past been used in the downstream position, at the exit to 
the test section, but have not performed nearly as well as the more popular
rotating vanes. Knisely et al. (1984), for example, installed a set of circular buffer 
plates with sector-type cutouts at the exit of their rectangular duct wind tunnel 
(with 1.8x0.8 m sides). Their system produced sinusoidal fluctuations over a wide 
range of frequencies but a was limited to about 2 %, even with large blockages 
when the air gap between the stator and rotor plates was only 3mm. They also 
found a varied by more than 50% across the test section, outside the boundary 
layer regime (see their figure 17). The cause of such large inhomogeneity across 
the section was not established, and it is interesting to note that the mean velocity
non-uniformity in the steady mode of tunnel operation was better than ±2%. In
the present case, velocity fluctuations remain closely in phase throughout the
test section with only small spatial amplitude variations. A  typical cross-section 
velocity profile (taken approximately one duct diameter from the exit of the 
contraction) is shown in figure 3.13. The variation of a across the section is less 
than ±0.5% . Equally the variations in filter output mean square or signal 
strength were small.
3.2.3 Device in The Large Tunnel
Figure 3.14 shows a sketch of the device constructed for use at inlet to the 45kW  
centrifugal fan on the large tunnel. The device differs in a number of details 
from the final version installed in the smaller tunnel. Firstly, it should be noted 
that the complete tunnel design in this case had been particularly carefully
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carried out so that with no blockage at inlet to the fan other than the surrounding 
filter box, the fan operated at near peak efficiency (see chapter 2). It  was 
therefore important to ensure that the rotor/stator combination, when fully  
open, did not reduce the effective fan inlet area. This was achieved by making 
the rotor and stator diameters substantially larger than the diameter of the inlet 
scroll and arranging the cutouts to have a total area not too different from the 
scroll inlet area. The cutout shapes were similar to those used in the final version 
of the small tunnel's device (shown in figure 3.7a). Secondly, so that the 
amplitude of the velocity fluctuations could be continuously varied during tunnel 
operation, the bleed air slots in the casing surrounding the assembly were 
covered with a continuous nylon belt containing long rectangular cutouts 
(70mmx1000mm) and driven by a separate d.c. motor. It was also possible to vary 
the spacing between the stator and the rotor from less than 1 0 mm to about 60mm. 
The combination of bleed air and rotor position gave an adjustable range of inlet 
area blockage ratio of between 0.25-0.85. Thirdly, the rotor was belt driven by a 
275W d.c. servo motor with a pulse-width modulator control able to drive at a 
substantially unity form factor. The drive, as in the small tunnel, was mounted 
inside the enclosure casing. Fourthly, for cost reasons no honeycombs or screens 
were mounted between the stator and the fan inlet scroll.
One of the advantages of the present device is that a relatively low-power motor 
can be used to drive the rotor since most of the fluctuating pressure forces are in
a direction parallel to the rotation axis. In  fact nearly 70% of the total torque
required was to overcome drag on the tension cables; viscous drag on the disc 
itself is small, given approximately by an equivalent solid disc rotating in a 
housing, see for example Schlichting (pp649). It is, however, very important to 
make the rotor assembly sufficiently stiff to avoid flexing. For the large tunnel, 
stiffness of the rotor was achieved in a similar fashion to the arrangement used 
in the small tunnel by attaching tension cables between the edge of the rotor and 
a hub mounted on the axle a little away from the plane of the rotor. The rotor in 
this case was 1.8m in diameter (machined from a 5mm aluminium disc). The 
cables were tensioned sufficiently to give the rotor a slight conical bow. This also 
allowed close adjustment of the air gap around the disc. With the 275W motor, 
rotational speeds up to 350rpm were achieved at test section mean velocities of up
to about lOm/s, depending on the blockage ratio.
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3,2.4 Flow in The Large Tunnel
The response characteristics for the large tunnel were found to be rather 
different from those in the small tunnel. In particular, acoustic enhancement of
the signal was in this case very significant and the best quality flow was 
invariably obtained at frequencies near f&. Figure 3.15a shows a typical plot of 
the fluctuation amplitude (a )  as a function of frequency for fixed tunnel speed 
and area blockage settings. The figure shows that fluctuations are greatly 
amplified around f / f a = l .  This is in distinct contrast to the small tunnel response 
where amplitude generally fell with increasing frequency (figure 3.8a). Further, 
instead of linearly rising a with increasing mean speed at constant frequency 
(figure 3.8b), the fluctuation amplitude in this case remained fairly constant with 
tunnel speed, as shown in figure 3.15b.
Although the total working section length was about 4.5m, the effective 
resonance length, Lt, (and hence fa) could be varied by removing windows from 
downstream part of the test section. Figure 3.16b(i) shows the effect of changing 
L t on frequency-amplitude response around f=fa; in this case Lt is the total 
distance measured from the device to the open window. The figure shows that as 
L t is reduced, the amplitude of the fluctuations is increased and the peak value 
occurs at a slightly higher frequency (as expected). Similar results were obtained 
by introducing a small air gap (<10mm) between test sections. Note however that, 
whilst Lt closely estimates the quarter wavelength, it does not predict it exactly 
(as shown in figure 3.16b(ii)).
The frequency at which maximum amplitude occured was also found to depend on
the blockage ratio; increasing blockage resulted in slightly lowering the 
frequency at which peak amplitude is induced (as shown in figure 3.16a). Since 
peak amplitudes are induced at f = f a ,  the results show that the test section length 
and blockage have a measurable influence on the effective wavelength of the 
acoustics. Note however that Chamay &  Mathieu (1976), who installed their 
device upstream of the settling chamber and contraction, found that changes in
the test section length had no effect on fa. The authors also postulate that the 
shutters correspond to an 'open tube’, i.e. a pressure node, which they found to 
best fit the observed response. However, the present data (and data from other 
measurements, e.g. Fernholz et al., 1982) does not support this postulate. Since 
there is (on the whole) overwhelming support that shutters should be considered 
to impose a pressure antinode at the location of the device, suppose that a small 
gap was introduced between the exit of the contraction and the test sections.
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Under these circumstances the downstream test section would have no influence 
on Lt- Moreover, the quarter wavelength acoustic response (with Lt measured
from the device to the exit of the contraction, =4.5m: their figure 1), predicts well 
both the fundamental resonance frequency, their f« (=c/4Lt=19Hz), and the first 
overtone or 3rd harmonic, their fp (=3c/4Lt=57Hz)!
As in the case of the small tunnel, the quality of the signal was particularly
improved at frequencies around fa, but in this case harmonic distortion at non­
resonant frequencies were significantly higher (figure 3.10). Note however that
if  THD values up to, say, 10% are acceptable, the device can be used over a wide 
frequency range, provided the region around 0 . 5 f a  is avoided. Figure 3.17 shows 
velocity spectra obtained at various f/fa and it is clear that provided THD is less 
than 10%, the amplitude of the first harmonic component is at least an order of 
magnitude smaller than that of the fundamental. Near resonance conditions it is 
entirely negligible; figure 3.18a shows typical velocity and wall pressure spectra 
obtained at about 200mm downstream of the contraction exit for f=f& and it can be 
seen that in this case the amplitude of the first harmonic is around three orders 
of magnitude smaller than that of the fundamental. In addition, the bandwidth of 
the fundamental, measured as A f/fo  between half-power points, is extremely 
small. Figure 3.18b shows a typical velocity waveform.
The device in the small tunnel generated relatively large velocity fluctuations
with very little harmonic distortion over a wide range of frequencies up to above 
fa. From the acoustics point of view, the response in this range was essentially 
quasi-steady. Whether adequately pure fluctuations of high amplitudes can be 
produced seems therefore to depend critically on the detailed geometry of the 
tunnel. However, in addition the response time of the individual fan is seen to be 
significant. The present fans are very different in size and their time constants 
are therefore different. The large tunnel operates at comparatively lower speeds 
of about l/5th those necessary in the small tunnel to produce equivalent test 
section velocity (see figure 3.6). This difference would have partly contributed 
towards the vastly different response characteristics since the conversion of head 
loss across the device is critically dependent on the response time of the fan. At 
an equivalent test section mean velocity and for equivalent f / f a ,  the fan in the 
large tunnel operates at speeds about 2~ times smaller than in the small tunnel.
Figure 3.19a shows amplitudes of velocity and pressure fluctuations measured 
along the test section, a varies by about ±4% over a 2m axial distance. This is
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about what one would expect on the basis that velocity fluctuations collapse at the 
device itself. Correspondingly, the pressure fluctuation amplitude fell linearly 
from the contraction exit to zero just outside the working section exit, the position 
of zero impedance. Note in particular that in this case p' in the test section does
not exceed about 0.01mm of water. The level of acoustic intensity in the test
section therefore is several orders of magnitude smaller than those typically 
found in the cases of downstream devices (see, for example, Fernholz et al., 1982; 
their figure 5). This represents one of the major advantage of the present system.
The level of harmonic distortion was also found to remain relatively constant 
throughout the test section. Figure 3.19b shows the axial variations of the first 
harmonic components o f pressure and velocity fluctuations. In addition, 
correlation measurements showed that both velocity and pressure fluctuations 
were very closely in phase throughout the whole length of the test section (as 
shown in figure 3.20). It should be noted that under extreme acoustic conditions,
not only are harmonic distortions dependent on axial position, but also
inhomogeneity between velocity and pressure signals arise and vary along the 
test section (see, for example, Morkovin et al., 1971).
A  major disadvantage of placing a device in the upstream position is the risk one
takes in possibly increasing the level of turbulence in the test section. This is
undesirable (and can be unacceptable) since in many studies of periodic flows the 
motion of the turbulent transition region is often an important part of the 
problem, and for proper control and understanding of such cases extremely low 
turbulence levels are necessary. For variable blockage devices the worst 
conditions arise when the tunnel is to be used in the steady mode of operation, 
with the shutters stationary. For example Chamay & Mathieu (cited above) found
the axial component of rms turbulence intensity was increased by more than two 
fold from the original level of 0.3% without the device. Recall in their case the 
shutters were installed upstream the contraction and a settling chamber. 
Similarly, Barbi et al. (1986) who used oscillating flaps in the settling chamber, to 
by-pass part of the main stream periodically, found the turbulence, level in the 
test section: was increased from 0.2% (in a steady steam) to 0.8% in pulsating flow 
(with energy arond fg filtered out). In the present case we have recorded only 
marginal changes in the level of turbulence; both when the device is in use or
stationary, u'/U remains just above 0.1%. Figure 3.21a compares variation of u'/U 
against speed for the original case, without the inlet device, and the present 
arrangement with the device locked-open. Figure 3.21b shows typical velocity
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spectra with and without oscillations at a fixed tunnel speed. Present 
measurements on the whole therefore show that by placing the device at inlet to 
the fan, proper functioning of the various tunnel components is not 
compromised. Indeed in this respect, the present arrangement is no worse than a 
downstream device in a closed circuit tunnel.
Chapter 4 presents further measurements of the characteristics of the flow in the 
presence of grid generated turbulence. In  particular it was found that the 
general shapes of velocity spectra were not altered with the oscillations and the 
decay rate of turbulence energy closely follow the steady flow curve: figures 4.7 &  
4.8b.
As in the small tunnel the use of bleed air proved an effective way of controlling 
fluctuations amplitude during tunnel operation. Figure 3.22 shows how a  could be 
varied continuously in the present tunnel at fixed air gaps between the rotor and 
the stator.
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TEST SECTION
a). Using downstream rotating vanes (Karlsson, 1959).
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Figure 3.1 Examples of oscillating flow facilities.
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VORTEX SHEDDING EXPERIMENTS
4.1 Experimental Approach
Regular vortex shedding is a dominant feature of two-dimensional wakes and is 
present irrespective of whether the separating boundary layers are laminar or 
turbulent. Because of this fact, the choice of a bluff body shape and Reynolds 
number regime for the study of oscillations-vortex shedding interaction, is 
largely limited only by the job in hand. The intention in these experiments, was 
to produce, as far as possible, conditions that are typical of vortex flowmeter pipe 
installations where bluff body design primarily hinges on three main factors:
a) Improved vortex shedding regularity.
b) Improved vortex shedding signal to noise ratio.
c) Improved flowmeter linearity.
Commercial vortex flowmeters employ a number of bluff body shapes that broadly 
satisfy these requirements. Typical shapes are shown in figure 4.1a. It should be 
noted that certain complex features are inevitably added to the basic design for 
proprietary reasons. However, in some cases addition of chamfers, for example, 
have been found optimal (Cousins, 1986).
Obviously at high Reynolds numbers care needs to be taken to avoid calibration 
changes due to the boundary layer on the surface becoming turbulent. Thus the 
bluff body usually has sharp edges to fix the separation point. The afterbody 
configuration is then the most important aspect of the design to achieve the
desired characteristics. Vortex sheddding is, for example, enhanced when a
splitter plate (of optimal length) is attached on the wake axis of a bluff body 
(Gerrard, 1966), or in the case of rectangular sections of critical b/d ratio of about 
0.6, (Bearman &  Trueman, 1972). By design it is therefore possible to make a 
vortex shedding flowmeter which, over a substantial flow rate, has linearity and 
repeatability that is far greater than that possible with a b luff body of an
arbitrary shape (and size) placed across a pipe. Regularity of vortex shedding, 
and tolerance to irregularities are further enhanced in pipe installations by
careful calibration of the influences of spanwise aspect ratio (end effects) and
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solid blockage. Both of these introduce irregularities that can contribute towards 
the breakdown in two dimensionality of vortex shedding. Signals of this sort 
require complex processing to obtain the mean vortex shedding frequency. 
Velocity gradients formed in a pipe cause a further deterioration in the quality of 
the signal. Optimisation based on experimental results has lead to bluff body 
designs with aspect ratios of around 2.8, which, without end plates in the case of 
pipes, is approximately the inverse of solid blockage ratio, d/D (where D is the 
pipe diameter). The exact ratio however depends on the bluff body shape; for 
typical results see, for example. Cousins (1986).
Whilst it is clear that, even in these cases of sharp-edged obstacles of small aspect 
ratio, large blockage, and relatively high pipe-flow turbulence intensity, wake 
synchronisation does occur, the influence of each one of these parameters on the 
range of frequency ’lock-in’ is not well established. The aim here therefore was 
to quantify the changes in wake structure that occur, under these particular 
conditions, when external oscillations are introduced in the mean stream; 
especially in regard to the strength of the wake vortices, their period of 
formation, and pressure changes in the formation region. In these experiments 
fixed cylinders were exposed to a mean stream with controlled in-line sinusoidal
oscillations at defined frequency ratios and amplitudes. A ttention was 
concentrated on the highly sensitive reduced velocity regime around the inverse 
of twice the Strouhal number, 1/2S. Synchronisation of vortex formation to the 
external oscillations is first established, then, for conditions at which 
synchronisation occured, the threshold amplitude was measured. In order to 
determine the common and distinguishing features of b lu ff body shape the
response from cylinders having ’zero’ versus finite afterbody were investigated.
Finally, for a selected cylinder, the influence, in the presence of oscillations, of
turbulence intensity of defined scale, wind tunnel blockage and aspect ratio to the 
response characteristics were examined.
4.2 Parameter Ranges
4 .2 .1  Wind Tunnels
The experiments were performed, in two phases, in the two low-speed open circuit 
wind tunnels described in chapter 3. Both tunnels were fitted with the inlet 
variable blockage device capable of inducing fluctuating mean flows over a 
range of frequencies and amplitudes. Examples of velocity signals produced in 
the two tunnels are given in 3.2. The initial measurements were made in the
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small tunnel which has a square working section 0.3x0.3m x 2m long. The 
turbulence level in the test section for this tunnel was about 0.2% and cross- 
section velocity uniformity, outside the boundary layer, was within ±0.3%. This 
work addressed the flow behind a 50mm flat plate placed normal to the mean
stream. Although a flat plate is an unlikely choice for use in a vortex flowmeter 
due to weaker vortices produced by this shape, it does nonetheless present least 
interference to the near region of vortex formation and was therefore considered 
a suitable starting point. The experimental Reynolds number (=U o d /u ) was 
between 0.8x10^ & 2.5x10^, and the ratio of Reynolds number to reduced velocity, 
N d ^ /u , was in the range of 1500 and 3x10^. A t such Reynolds numbers the
separated shear layers are expected to become turbulent in a very short distance 
from separation such that formed vortices are fully turbulent.
The tunnel produced a high quality sinusoidal periodic flow at frequencies of up 
to about 25Hz. Characteristically, however, the amplitude of fluctuations 
generally fell with frequency and increased linearly with the speed of the
tunnel. For greatest control of parameters involved, measurements against 
reduced velocity, Uo/Nd, were therefore made by varying the tunnel speed whilst 
holding N and the amount of bleed air bypassing the device fixed. The latter
determined the amplitude of velocity fluctuations, a (= A U /U ), for a given N  and 
tunnel speed. This was convenient and guaranteed a consistent quality of the
velocity waveform which was mainly dependent on N, as was shown in figure 
3.10, In these experiments N  was within the viable working range (0-25Hz) in 
which THD, (the ratio of harmonics energy to the energy at the fundamental 
frequency), did not exceed 5%. The amplitude of velocity fluctuations was varied 
between 3 and 30 percent (save for a few cases in which significantly larger
amplitudes were used, see later). The flow was therefore essentially of a low 
Keulegan-Carpenter number regime (Kc=aUo/Nd) not exceeding about 2.
The second phase of experiments was performed in the large, 0,9x0.6m wind 
tunnel. This was designed to address yet unresolved issues of the effects on 
synchronisation, of afterbody configuration, turbulence, aspect ratio and solid
blockage. The models that were tested are described in 4.4.2. The turbulence level 
in this tunnel was about 0.15% and cross-section velocity uniformity was better 
than ±0.15%. In contrast to the small tunnel, the forced response characteristics 
were rather different. In particular, acoustic enhancement of the signal was in 
this case significant and the best quality flow with the desirable large amplitudes
was, as a result, produced near or at the resonance frequency (fa) of the tunnel.
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figure 3.10. Further, instead of a linearly rising a with increasing mean speed at
a constant N, the fluctuation amplitude in this case remained fairly constant with 
tunnel speed, as was shown in figure 3.15. This constancy with the mean speed
immensely simplified experimentation. Moreover, at a given speed a  could be
varied, continuously, during tunnel operation by adjusting the amount of bleed
air bypassing the device through the automated belt arrangement as discussed in 
3.2. In these experiments it was therefore possible to establish more precisely 
’lock-in' threshold amplitudes. The experiments were performed at a fixed forced 
frequency of oscillation, N=8.5Hz, which was approximately equal to fa for the 
tunnel configuration used with an effective test section length of 1.9m. Under 
these conditions THD was less than 0.4% and the bandwidth of the fundamental, 
measured as A f/f between the half power points, was extremely small as can be 
seen in typical examples of velocity and pressure spectra shown in figure 3.18.
4.2.2 Models
Four basic cylinder configurations were employed in the study: a flat plate, placed 
normal to the flow -included to provide a check on earlier results in the small 
tunnel, a triangular section with a trailing apex, a Tee-shape body, and a 
rectangular section with b/d=0.67. The sections are illustrated in figure 4.1b. 
They were made from light aluminium alloy plate with afterbodies built up with 
'pattern-makers’ wood, except for the rectangular section which was made 
entirely from wood. The width ’d’ of each cylinder was 100mm which was selected, 
based on the operating conditions, to encompass the regime of flow in which the 
ratio of the oscillation frequency to the frequency of vortex shedding, N/no, 
would fall in the range of 1-4. Spanwise variations in the width ’d’ did not exceed 
0.5mm. The plates’ rear corners were chamfered to a knife edge to ensure 
consistence in the separation point. The models were 800mm long and each had
three (2.7mm) pressure tubes sunk flush to the surfaces: two were located on the 
front face (at ±0.4d) and were used to establish symmetry of the flow field about 
the stagnation point by rotating the model to equalise the pressures in the two 
legs, and the third spanned the base for base pressure measurements. The 
pressures were sensed through small holes (0.5mm diam.) located in each case at 
centre span. . The models were mounted horizontally at mid-height, 1100mm from 
the exit of the contraction and were secured rigidly between 5mm perspex end 
plates and spacers to the tunnel’s side walls, as shown schematically in figure 4.2. 
The dimensions of the end plates were based on approximate sizes found adequate 
for rectangular sections (E.S.D.U., 1971). Similar plates were used in the small
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tunnel. The design of end plates in general however remains arbitrary as their 
effectiveness in reducing three-dimensional disturbances varies much from one
wind tunnel to another depending on the exact state of the boundary layer at the 
test position. Other experimentalists have, for example, used substantially larger
plates (e.g. Davies, 1975).
In addition to these four basic models a further two triangular models, of similar 
construction to the 100mm body, with widths d=50mm and 200mm were used to 
investigate aspect ratio and solid blockage effects. The 50mm body, unlike the
others, was 900mm long, and therefore sparmed the entire test section tightly 
without the need of spacers. End plates in this case could be retracted to vary the
separation distance between the plates. The experiments therefore covered a
range of aspect ratio of between 2 &  16 and solid blockage of 8.3, 16.6, and 33 
percent. The flow Reynolds number was between 0.5x10^ and 5.0x10^ under 
typical wind tunnel conditions, (Im /s to 7m/s), thus extending the regime, in 
reduced velocity, studied in the small tunnel. The 100mm basic width (with 
N=8.5Hz) gave a ratio of Reynolds number to reduced velocity of 6500. a was 
varied between about 4 and 15 percent, the maximum possible with the tunnel 
configuration used. As a result Kc was lower than in the initial measurements.
4.2.3 Turbulence Grid
Turbulence was produced in a standard way using a bi-planar grid. The grid was 
constructed from 0.5in cold drawn aluminium bars with a square mesh spacing of 
50mm, similar in design and construction to that used by Castro & Haque (1988). 
Figure 4.3 shows the grid mounted, at its closest position, behind the 50mm 
triangular body. Note in particular the outer cells were half mesh size, designed 
in this way to ensure homogeneity as the walls of the tunnel form, in each case, 
an image plane. The grid was locked in position with eccentric lugs located at 
each of the four comers. The arrangement was the same as that used by the 
above authors; it worked well and allowed easy repositioning of the grid along the 
test section. The gap around the grid, between the bars and the tunnel wall, was 
not more than 1mm.
Hot-wire measurements downstream of the grid, made along the centre line of the 
working section and in the absence of a test piece, showed that the longitudinal 
turbulence energy decayed according to:
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■0.8( u’2 /U2) ' = 6.62[(x/M)-2],
where x is measured from the grid position and M  is the mesh spacing. Figure 
4.5a shows typical results in which the flow Reynolds number (=UM /u) was 2x10" .^ 
Note in particular that the rate of decay was independent of the relative position, 
Xo, of the grid from the exit of the contraction. This result is similar to that 
obtained by Castro & Haque except in their case the effective, or virtual origin, 
was 5.8 mesh sizes. Figure 4.5b shows the corresponding growth rate of length 
scales deduced through velocity autocorrelation measurements, via Taylor’s 
hypothesis: Lx=U .jR (T )dx , where R (t), the autocorrelation coefficient, is given by:
u’(t)u ’(t+x)R(t)
V u’^ (t) .V u’^(t+x)
u’(t) is the velocity amplitude at time t and u’(t+ x ) is the value at a later time t-K. 
The digital version implimented is given in appendix B.
As the substitution t==xAJ (in the Taylor’s hypothesis) is a good approximation only 
where u’/ U « l ,  (Hinze,1959), a more direct, cross-correlation measurement of Lx 
was made at x/M=9.06, also shown in the plot of figure 4.5. The two length scales 
deviated by no more than 4% which is within the range of scatter of the results. 
The correlation curves for these cases are shown in figure 4.6.
A best power-law fit to the data lead to an integral length scale given by:
Lx/M = 0.19[(x/M)-2f-4®
This result is within the typical ranges found by other workers for this type of 
grid (e.g Compte-Bellot & Corrsin, 1966) and is consistent with the above decay 
rate of u'^ on the assumption that Lx grows at a rate proportional to the growth 
of the dissipation length parameter, Lg=[( q2 )^'^^]/e.
The power-law decay rate of u’  ^ was also applied to forced oscillatory data. This
is shown in figure 4.7; with a = 14.8%, the agreement between the the steady and 
oscillatory cases was very satisfactory indeed. Here the oscillatory flow u’  ^ has 
been split into df.E(N), the periodic component, and u’  ^ -d f.E (N ), the turbulent
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component. This plot therefore also shows the constancy of a along the test 
section.
The spectral peak at the oscillation frequency remained well defined above the 
background turbulence and, as shown in figure 4.8a, the shape of the spectra at 
corresponding distances downstream of the grid, in steady and oscillatory flows, 
were very similar. The prime on the power spectral density fuction, 
E(f)= u'2 (A f ,f ) /A f ,  indicates that E(f) has been normalised by the total mean 
square intensity, u*^ . Note that the earlier departure, in the case of x=25M, of the 
spectra from the (-5/3) slope of the inertial subrange (compare figures 4.8a- i &  
ii) is a feature of decaying isotropic turbulence: as the turbulence decays, the 
energy transfer from the large eddies to the small eddies decreases so that the 
intensity of the small eddies decreases faster than that o f the large eddies 
(Bradshaw, 1971). Slight differences in the spectra at high frequencies (small 
wavelengths) between the oscillatory and steady flow curves is due mainly to the 
difference in the flow Reynolds numbers. In figure 4.8b, E’(f) has been non- 
dim ensionalised by U/Lx and is replotted against the non-dimensional frequency
parameter Lx.f/U , such that d(^^^^) =1. The normalised spectra match
everywhere and note in particular that as f-»- 0 the theoretical value of  ^ =1 is4L«x
borne out.
From earlier work (e.g Courchesne &  Laneville, 1982) it has become clear that 
whilst the intensity of turbulence greatly effects vortex shedding, the length
scale, on the other hand, is not a dominant parameter in b luff body two-
dimensional flows. In designing the present experiments therefore we aimed for 
L x, at the position of the model, of 0(d) which is of the order expected in pipe 
vortex flowmeter configurations. By mounting the grid at upstream locations of 
between 20M and 5M from the models, u’/U at the position of the models could be 
varied from about 5% to about 15%. The mean velocity and turbulence intensity
at the test position were found to be uniform to within ±0.8% & ±1.1%  for the
worst case, and better than ±0.2 & ±0.3 when the grid was located at distances 
greater than about 10 mesh lengths from the test position (figure 4.9).
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4.3 Instrum entat ion
4.3 .1  Static pressure
Base pressure measurements were referenced to test-section static pressure at a 
position approximately 150mm downstream of the exit of the contraction. In the 
small tunnel this position was 15d upstream of the plate whereas in the large 
tunnel the separation distance was either 18d or 9d depending on the size of the 
cylinder. The reference pressure itself was sensed from a pitot-static tube which 
was permanently mounted at this position. Adjacent locations were also used for 
calibration of hot-wires. Base pressure coefficient here is therefore defined as:
Cpb“(Pb“Po)^ ‘^ p^Uo^ >
where Po &  U q are the upstream static pressure and mean velocity respectively, 
and pb is the base pressure. However, the difference in the static pressures
between the reference point and the test position was small; not exceeding about 
0.02mm of water for UQ=4m/s.
The differential pressure measurements were made using a Furness (FC12) 
micromanometer which has a full scale (selectable) pressure range up to ± 2 0m m  
of water with a signal output of ±5vdc. This instrument has a maximum resolution 
of 0.01mm of water, dynamic response of up to 5Hz, and linearity of better than 
±0.5% . The output signal, in the small tunnel, was averaged using Solatron (1751) 
Integrating Voltmeter whereas in the large tunnel the manometer signal was 
interfaced to a CED-1401 and averaged in the computer (see later).
4.3.2 Hot-wire Techniques
The greater part of the experimental work involved measurement of velocity 
spectra in the 'wake'. This was done using a single hot-wire in conjunction with 
Prosser Constant Temperature Anemometer . Due to the difficulty of measuring 
velocity fluctuations in the recirculating near wake region, most downstream 
measurements were made near the edge of the wake at a position 2d behind the 
leading separation edge of each body. Measurements of the upstream velocity and 
rms intensity were made using a second hot-wire positioned in the plane of the 
upstream reference location.
Instrumentation, and therefore data handling, in the two tunnels was different. 
In the small tunnel the CTA signal was directly coupled to a BBC computer hosting
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sampling and data processing routines. The software constituted two stand-alone 
packages; one for velocity measurements and the other for signal analysis 
comprising power spectral density routines. Both of these packages were 
developed inhouse (by others) and had been in use in the department and 
elsewhere for sometime. The measurement package comprised routines for single 
and X-wire measurements, as well as routines for calibration of the wires and for 
setting the anemometer amplifier gain and voltage off-set. This package handled 
10-bit data and had a maximum sampling rate of about IkHz. Measurements were 
based on 'look-up' tables that are generated during calibration, and in this way 
the velocities and the various turbulent quantities could be speedily computed. 
For the single wire (used in the present work) the instantaneous free-stream 
velocity (U) was obtained directly from the anemometer voltage (E) using a simple 
King's Law:
E2=Eo2+bU".
The calibration (for Eg^ & b) was carried out, regularly, in a smooth steady stream 
with an assumed exponent n=0.45. Typical calibration curves are shown in figure 
4.4. Standard 5g gold-plated tungsten wires were used (DISA type POl). Note that 
the calibration curves shown in figure 4.4 are for the same wire at different dates 
and their difference in intercept is probably due to differences in air 
temperature; E q^ is a function of fluid temperature but the slope (b) is not and
varied much less in three examples shown spanning a period of ten days.
The hot-wire was placed in the horizontal plane, normal to the mean flow 
direction. Strictly therefore the response amplitude is determined by
|Um|=V^[( L f+ u ’)^+v'2]; the w' component of velocity has (to a first approximation)
no effect in the plane normal to the axis of the wire. In general i f  the intensity
of turbulence is high some sort of correction of the effects of non-directionality
of the hot-wire is necessary. However, for measurements in the firee stream and 
near the edge of a turbulent flow, the intensity itself is small and the correction 
(which, in the case of u'^ , requires the knowledge of at least the triple product
u'v'^ , see for example Bradshaw, 1971) is not so important.
The signal from the second wire, at the downstream position, was used for spectral 
analysis alone to determine the characteristic frequency and compare changes in 
the spectral distribution and it was, therefore, not necessary to linearise the
anemometer voltages. This signal was stored in its raw form in (51/4") floppy
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discs and subsequently processed using a software package for analysis of 
stationary signals Castro(1989). The package accompanies an illustrated text 
Castro(1989) and include routines for carrying-out amplitude statistics as well as 
time domain analysis through autocorrelation and power spectral density 
estimates. In the present work only the spectral density package was used with 
estimation of E(f) obtained directly from the original data, given in digital form 
by equation 5.7 of source, vis:
nd
E (k A f)=  ^ ( 2 | C j ( k A f ) | 2 ) ( A t ) 2
with C(lcAf)= DFT[x(n)], k = l,2 ,— -,nb,
where DFT(x) denotes the direct Fourier Transform of x. The averaging process is 
carried out over nd blocks of data each containing nb samples at interval At, the 
sampling rate, so that the sample time for each block of data is ny.At, and the total 
number of samples used is nd(nb). DFT is defined in a standard way,
nb- 1
DFT[y(k)]= ^ y (n )e x p ( -2 j t ik n /n b ) ,  k = 0 ,l,2 , ,n b -l,
n=0
and was computed using a machine code Fast Fourier Transform.
For the present measurements a nominal sampling rate, fg (= l/A t), of lOOHz was 
used as the wake characteristic frequency was seldom above 25Hz. In each case a 
total of 8192 samples were taken. The data was analysed with either nb set at 256 
sample points, maximum possible with this package, to give highest frequency 
resolution (A f=  fg/nb) when determining centre frequency. However, where 
spectral estimates were required, 128 blocks of data were used to minimise 
variance on the estimates. The variance, in this case, is directly proportional to 
1/nd and does not depend on nb- The original signal was put through low pass 
(KEMO) filters set at one half the sampling rate, the Nyquist frequency, prior to 
sampling in order to surmount aliasing problems. For a typical wake
characteristic frequency with, say, n=20Hz, 8192 points samjjed at lOOHz provided ^  
averaging over 1600 cycles.
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4.3.3 CËD-lnstrumentation Interface
Velocity and pressure analogue signals obtained in the large tunnel were linked 
to a Macintosh computer (IIx ) using the multi-channel instrumentation interface 
CED-1401, and companion signal conditioning unit, CED-1703. Figure 4.10a shows a 
schematic of the wind tunnel instrumentation. The 1401 is an intelligent 
analogue interface; it has its own processors, clocks and memory, and can 
perform numerous complex tasks under the control of the host computer. Here it 
was used for rapid collection of hot-wire and micromanometer signals, storage, 
and separation of data arrays, leaving processing to the computer where it could 
be carried-out more efficiently. The 1401 has a full scale input range of ±5v with 
a standard signal resolution to 12 bit accuracy and is capable of analogue to digital 
conversion rates of up to 40kHz, in the 12 bit format, without the fast ADC option.
The companion C ED -1703 is a programmable gain and filter unit with four 
analogue differential output channels. Each channel has individually controlled 
gain settings and a common corner frequency low pass filter. The gain, 
inverting input, and filter setting are programatically controlled from the host 
computer through the 1401. The filters could be programmed with a corner 
frequency of between IH z and 25kHz, and the individual gains could be set at 
either 1, 3, 10, 30, 100, 300, or 1000. The differential amplifier was an add-on to the 
standard 1703, custom built to provide DC-bias to the signal inputs. These were 
obtained from 1401 DACs configured to output DC voltages of between (±) 0-5v.
The interface was supplied with a range of software for use on-line with any one 
of a variety of micro-computers. Here it was driven with the Macintosh computer 
using the LabVIEW software system (see 4.3.4). As none of the supplied software 
could readily be used in LabVIEW, much of the software used to control and drive 
the interface was developed independently. These routines are documented in 
appendix A.
Waveform sampling was carried-out in the main using A D C M EM  and ADCBST 
standard 1401 commands. The ADCMEM allows rapid sampling of up to 16 ADC  
channels to an array in the 1401 memory. Each consecutive channel (that is 
specified) is. sampled, one at a time, at the clock ticks depending on the rate of 
sampling. The digitised data in this case therefore is spaced evenly in time. The 
user specifies the channels to be sampled, the sampling rate, the format of data 
conversion (8 or 12 bit), and the mode of execution (dedicated or interrupt). The 
interrupt mode of execution allows temporary interuption of sampling when
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other tasks are simultaneously assigned. The ADCBST command on the other hand, 
carries out ADC sampling in a burst mode. In this mode all of the ADC channels in 
the command’s list are sampled as close together as possible. The delay between 
successive ADC conversion during the burst was less than 18 microseconds. Both 
of these commands were used in their dedicated mode with 12 bit conversion 
form at.
The memory available to the user in the standard 1401 is SOkbytes. However as the 
non-resident commands fill part of the same memory the area that was available 
for the ADC data was somewhat less. It was therefore necessary in most cases to 
carry out ensemble averages from independent blocks of data. The ADC data was 
transfered to the computer in binary form which was fast as the process 
amounted to copying an area of 1401 memory to the computer.
4.3.4 L a b V I E W
The Macintosh computer (dedicated to the large tunnel) has a GPIB (IEEE-48) 
instrumentation interface and is supported by the comprehensive National 
Instrument’s LabVIEW  application software package. LabVIEW  has a complete 
support of IEEE-48 (and other interfaces) which removes the user from the bus 
protocol and therefore significantly simplifies interfacing with instruments. The 
software (which uses a graphical programming language) has an extensive 
library of routines, called V irtual Instruments, for performing arithematic, 
algebra, statistical and signal processing. The user develops application software 
by building Vis (short for Virtual Instruments). The programming environment 
is friendly and with its acquisition, analysis and presentation tools, learning to 
programme in LabVIEW is made relatively simple. The user interface, called the 
front panel, is designed with controls such as knobs, switches, and graphs which 
mimic the controls and displays of a real instrument. The controls are driven by 
elementary functions represented in a graphical form or more complex Vis by 
using a block diagram approach which avoids text code all together. Figure 4.10b 
shows the software structure.
The present work entailed development of several application programs for hot­
wire calibration and measurements of velocity, power spectral density and 
correlation functions. These have been documented in appendix B. As an 
example, the front panel of the instrument for single wire velocity measurements 
is shown in figure 4.11. The panel shows the oscillatory flow velocity signal
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captured at a sampling rate of IkHz from a hot-wire connected to channel-2 of the 
CED interface. The instrument is capable of sampling any of the four input 
channels selectable through push buttons, (or perhaps more precisely click on 
screen areas) shown in cluster-1, top left hand corner of the front panel. 
Sampling criteria is specified in cluster-2 in which a block of nb sample points is 
captured at a sampling rate of fg(Hz). The results are averaged over nd blocks of 
data. Cluster-3 displays the latest averaged values of the mean velocity, 
turbulence rms intensity and the mean square value of the fluctuating velocity. 
The final results are stored in data arrays in cluster-4. The range button when 
selected executes a sub-VI to check and i f  necessary adjust CED off-set voltage to 
ensure the signal voltage is within a specified level. The block diagrams for the 
instrument are included in the appendix.
Unlike in the small tunnel, here both upstream and downstream wires were 
calibrated for velocity measurements so that spectral contents could be compared 
directly . The calibrations were carried out in the smooth flow at the upstream 
location adjacent to the pitot-static tube. The velocity spectra in this case were
averaged on-line from independent blocks of data sampled ’simultaneously’ from
the two wires. In order to reduce the number of samples required to adequately 
average the low frequency components, sampling rates in access of IkH z were 
seldom used when measuring velocity, and of 250Hz where wake spectra were 
being measured. For the latter, as in the previous arrangement, the original 
signal was low-pass filtered at the Nyquist frequency. LabVIEW, as indeed is the 
case in all computationally efficient alogrithms, employs FFT routines for 
calculating the DFT. As usual, therefore, the number of elements, nb, in the input 
sequence to the spectrum V I is restricted to an integral power of two. The DFT is 
defined in the standard way as above. For the majority of cases spectra were
averaged over 30 blocks of data each containing 1024 sample points. With  
fg=250Hz, this gave a total integration time of about 2 minutes and spectral
frequency resolution, Af=fg/nb, of less than 0.25Hz.
The autocorrelation function was obtained directly from the signal. This 
approach is simpler, in contrast to transforming the energy spectrum, and was
preferred as only a few estimates (not more than 30) were needed to adequately
define the correlation curves. Routines for computation of the estimates, and for 
that matter much of the application software used in the present work, was
developed prior to the release of LabVIEW -2, which has correlation Vis. The
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crosscorrelation function was evaluated in a similar way, directly from the 
signals, so that from an input sequence uiuj.
RiJ
u’iu ’j
 ^ V (  u'j2 ) . v ( u'j2 )
where subscripts -ij- denote time or spatial displacement. In the computation of 
the autocorrelation estimates, where u’iu'j [=u’(t)u’(t+x)] is obtained from one hot­
wire record, it was necessary to ensure the sample batch was sufficiently large in 
comparison to the number of estimates required in order to reduce the variability
of the estimates for long time lags. The largest batch of data that could be held in 
1401 memory where two channels were being sampled, as was often the case,
contained at most 8000 sample points. In this case therefore, if, for example, 16
consecutive R(x) estimates were required, the longest time lag estimate was 
formed from 500 sample points. However, as the data was only used to obtain
autocorrelation information, rapid sampling of u(t) was not necessary and in this 
way it was possible to ensure the total signal sampling time was long enough to
adequately average the longest lag components. Note that the variance of the
estimates is inversely proportional to the product ny.At, where nb is the total 
number of samples and At (= l/fg ) is the time separation between sample points -
see, for example, Castro(1989). Similarly in the case of crosscorrelation
measurements, the total signal sampling time was increased in proportion to the 
separation distance between the two wires. In order further to reduce statistical 
variability, averaging of the estimates was carried out over several independent 
blocks of data.
4.3 .5  Flow Visualisation
To compliment hot-wire and base pressure measurements, a video recording of 
the near wake flow behind the flat plate in the small tunnel was made. 
Photographs of some of the frames are included in the results. Because of the 
difficulties of carrying out visualisation at high Reynolds numbers, the 
recordings were made at substantially lower Reynolds numbers of between 500 
and 2000. It is indeed this that made the use of a video viable, recording at 25 
frames/s. However, although it was in itially intended only to confirm  
symmetrical mode of vortex shedding, previously detected by hot-wire, other 
salient features of the near wake flow can be appreciated, especially when the 
video is viewed in its entirety.
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For this purpose, a separate model was machined from perspex, in two sections, 
enclosing a small chamber within the model. Heated oil smoke was introduced
into the chamber from either end of the plate which emerged through narrow 
slits (approximately 5mm long x 1mm wide) cut at centre span, on both sides of 
plate, immediately behind the knife edge. The smoke, as it emerged , was carried 
along the inner edge of the flow clearly identifying the separating shear layers. 
Particular care was taken to ensure that the smoke was injected with a minimum 
backpressure so as not to significantly disturb the shear layers. The model was 
mounted horizontally across the span of a separate perspex section which was 
fitted as an extension to the existing test sections. End plates in this case were not 
fitted. The recordings were made with a 35mm TV camera placed on a tripod to one 
side of the section, facing the model edge-on. The opposite end of the section was 
painted black and lighting was directed from above, without any reflectors placed 
underneath. Images from the camera were displayed on a V D U  so that exact flow
conditions could be established prior each recording. S till pictures were
reproduced by taking photographs of video frames frozen on a high resolution
Panasonic monitor.
64
EASTECH
FOXBORO
DiSA
EARLY F & P
sSNSSNNi
Figure 4.1a. Typical bluff body shapes used in Vortex Flowmeters, Cousins (1986).
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MEASUREMENTS
5.1 Steady Flow Cases
In order to ascertain wake characteristics under the conditions that prevailed in
our experimental set-up, measurements of the mean base pressure and Strouhal
frequency were made over the range of flow Reynolds number pertaining to
oscillating flow experiments. Results on the whole have not been corrected for
the effects of wind-tunnel blockage except where it is stated. This is so mainly
because it is not understood how best to make corrections in the unsteady
oscillating case. In the few cases where direct comparison with previous work is
being made, correction has been applied using the method of Maskell (1963). For
reasons of clarity, it has been decided to group flows of similar kind to highlight
aspects that ^ ffec t bluff body flows, and where the constraints themselves are a
subject of the oscillating flow experiments. Subsequently therefore the results
are not in chronological order in which they were obtained.
5.1.1 Vortex-Shedding Frequency
The vortex-shedding frequency ’n’ was estimated from wake power spectra of 
velocity fluctuations recorded in each case (at x,y=2d,1.5d) behind the bluff body. 
Strouhal numbers (S=nd/Uo) and corresponding base pressure coefficients (-Cpb)
are shown in figures 5.1 & 5.2, plotted against Reynolds number Uod/u. Figure 5.1 
compares the results of the flat plates obtained from the two tunnels, and figure
5.2 shows the results of the different bluff body shapes. These results are for 
fixed solid blockage ratio d/H=0.167 and aspect ratio l/d=8, save in the case of the 
small tunnel (d=50mm) where 1/d was 5. We discuss base pressure behaviour in a
moment but first note the close agreement of the Strouhal numbers for the flat
plates measured in the two tunnels (d=50 & 100 mm, respectively). In both cases,
the Strouhal number remains fairly constant at a value of about 0.180*0.002 down
to Rg of less than 10^. Similarly the Strouhal numbers for the triangular and Tee- 
shape bodies vary only slightly. By far the largest variations of the Strouhal 
number occur in the case of the rectangular body, in the lowest Reynolds number
regime ( R g < 2 x l 0 4 )  where the Strouhal number rises with decreasing R^; at
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R e = 0 . 6 x l 0 4 ,  S is about 8% higher than the value at Re=2x l0 '^ .  The trend is 
consistent with movement of transition in the shear layers towards the base.
The results on the whole therefore show that provided the Reynolds number is 
sufficiently high, large variations in the Strouhal number are avoided. The exact 
critical Reynolds number is however clearly dependent on the shape of the bluff 
body. For the triangular and the rectangular bodies slight variations persist to 
high Reynolds numbers. For the Tee-shape body (and the flat plate) there are no
discernible Reynolds number trends in the entire range considered (R e = 0 .6x l0^  
to 5x10^).
Figure 5.3 compares the present flat plates results (d/H=0.164) with the results of 
Davies (1975) where the blockage ratio was 0.055. Here both sets of measurements 
have been corrected for wind tunnel blockage using Maskell’s (1963) method, and 
in spite of the apparent disagreement (and there should be none, especially for
R g = 2 x l 0^ and above) the results in fact are not so inconsistent as it appears in the
figure; MaskelFs procedure (which considers momentum balance in the external 
flow) under corrects at blockage ratios greater than about 10%, see for example 
Fackrell(1975). In part therefore the disagreement between the results can be
explained through the correction procedure used. However, additionally Davies’ 
results show relatively large variations of the Strouhal number in the low 
Reynolds number range (attended by changes in the base pressure coefficient, as 
shown in figure 5.3b). In his case the Strouhal number at Rg=2xl  0^ is some 14% 
lower than the value at R g=0 .7x l04  as compared to *1%  variations in the present 
case over similar Reynolds number range. The exact reasons for the different 
behaviour in the two cases are not clear. One should point out in particular that 
the free-stream turbulence level (u’/U) in the case of Davies was extremely small 
(quoted at 0.03%).
5 .1 .2  Base Pressure
Base pressure measurements were taken at centre span and Cpb was formed using 
free-stream velocity and static pressure. Although the results (figure 5.2b) are a 
little scattered the base pressure trends on the whole correspond with the
observed behaviour of the Strouhal number. The flat plate, which gave the
largest Strouhal number, produced the least negative base pressure, which is
what one would expect. Roshko (1954) has shown that the frequency of vortex
shedding is increased i f  the scale of the formation region is reduced. And as
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argued by Gerrard (1966) this, in effect, means the evolving shear layers are 
brought closer together such that their interaction is facilitated, and therefore 
entrainment between the layers is increased, resulting in a greater cancellation 
of oppositely signed vorticity in the growing vortices. The higher rate of vortex 
shedding for the flat plate is therefore consistent with the lower suction 
measured for this body. The flat plate (and the Tee-shape body) also showed least 
variation of the Strouhal number with Reynolds number and correspondingly the 
base pressure coefficients for these two cases remain fairly constant with 
Reynolds number. Again it is well established that there is a complex equilibrium 
between the base pressure, distance to vortex formation (and therefore the 
Strouhal number) and the strength of fully formed vortices.
The results for the rectangular and triangular bodies show a continuous trend 
towards higher negative pressure coefficients with increasing Reynolds number. 
Clearly some of the apparent trends in the results must be attributed to slight 
changes in the exact level of disturbance in the wind tunnel, (notable are the 
variations around Uo=2.15m/s, figure 5.2). However, for the so called 'high- 
suction' bluff bodies, the variation in the wake characteristics have been found to 
continue to relatively higher values of Reynolds numbers. The rectangular body 
falls in this category, and the triangular body probably does. Bearman &  
Trueman (1972) found Cpb varied with Reynolds number for all rectangular 
sections when b/d was in the range from 0.5 to 1. Figure 5.4 include their results 
for the critical section b/d=0.6 which covers a Reynolds number range of up to 
12x10^ ,  Their measurements were made in a smooth flow with free-stream 
turbulence level of about 0.3 percent. These variations are highly dependent on 
the extent (and the form) of the afterbody and must not be confused with 
movement of the transition point in the shear layers. The latter is generally the 
main cause of variations in the wake characteristics with Reynolds number for 
sharp-edged obstacles (and remains the most probable cause of variations in the 
lowest Reynolds numbers in the present results). Over the wider range of 
Reynolds number we must look to the effects which afterbody can exert. For 
example, it is known that a short splitter plate in the wake delays the interaction 
between the shear layers and vortices can only form beyond the end of the plate. 
In such a situation vortices are formed further away from the base resulting in 
reduced base suction (and attended by a corresponding decrease in the Strouhal 
number); here the rise in base suction with increasing Reynolds number is 
accompanied by a rise in the Strouhal number.
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For the critical rectangular section, apparently, the primary effect o f the 
afterbody is to sustain a lower base pressure but without an equally spectacular 
change in the Strouhal number (compared to the values of, say, the flat plate). 
Bearman & Trueman (1972) conducted flow visualisation (in a water tunnel) and 
their results showed that for the critical section, vortices form close to the base 
and appear to sweep across part of the rear face. This was consistent with
pressure measurements which showed in this case the pressure across the rear 
face was not uniform; at R e=6 .8x l0^ , Cpb(y=0.5d) was some 26% lower than that
based on the centre pressure (y=0). By comparison, vortices from a flat plate, or a
square section, form at a relatively large distance from the base with a significant 
separated region behind the bluff body base. For the square section, the pressure 
distribution across the rear face is fairly uniform, and for the flat plate it is
virtually invariant. It is clear that in the case of the critical rectangular section,
the curvature of the shear layers is high, and vortices form close to the base;
however it is less obvious whether this changes with Reynolds number. Bearman
& Trueman’s (1972) results show that the critical section, which is given more
precisely by b/d=0.62, remains constant with Reynolds number, at least over the 
results range R e = 2 x l0 ^ -7 x l0 ^ . This suggests that the curvature of the shear layers 
itself in not changing with Re as by definition the critical section is that which 
precisely fills the separated wake without impeding the evolving shear layers, as
is the case when b/d is greater than the critical value, or when a ’small' spoiler is 
attached to the trailing-edge comers of the critical section (figure 8 of source 
reference). The trend of Cpb towards more negative values with increasing Re is 
therefore more likely to be due to reasons other than changes in the scale of the 
formation region, which is so dependent on the curvature of the shear layers.
The reduced base cavity however is probably the reason for delayed transition in
this case (to a higher Reynolds number, hence large variations in S & Cpb in the 
lowest Re regime) compared to the other cases where entrained turbulent fluid is
likely to perturb and induce earlier transition in the shear layers.
5 .1 .3  W ake Velocity Spectra
Figure 5.5-8 show examples of velocity spectra measured at the edge of the wakes 
of the four bodies. Here, the power spectral density function has been normalised
by the square of the upstream mean velocity and is plotted against the frequency
ratio, f/uo- The examples shown span the Reynolds number range considered and 
as can be seen the shedding spike is in each case clearly defined. Note also the
presence of - a second harmonic peak which is characteristic of the near wake
6 8
flow; in fully developed wakes (x>6d) second harmonic energy does not appear 
until well towards the centre of the wake. The spectra also show that low 
frequency energy (which is considerable) continuously varies with Reynolds 
number, and the frequency distribution is different for each case; compare, for
example, figures 5.5 &  5.7 (spectra for the flat plate and the triangular body).
The bandwidth of the shedding peak (as a proportion of the shedding frequency)
also varies slightly between the bluff bodies, but remains fairly constant with 
Reynolds number. It should however be noted that the absolute bandwidth (in Hz) 
increases with Reynolds number. That is, at higher Reynolds numbers, vortices 
are shed over a wider range of frequencies about the mean frequency, and as a 
result, the ratio of peak energy (integrated over a fixed A f) to the Strouhal
energy, the total energy under the spectral 'triangle*, decreases with increasing 
Reynolds number (figure 5.9). The decrease in peak energy with increasing Re
occurs in all four cases but is most pronounced with the triangular body (see also 
table 5.1, below). Note that, the Strouhal energy itself remains fairly constant 
with Reynolds number (as shown in figure 5.10).
A{E(n,df)/E(n)>
Flat Plate 0.20
Tee-shape 0.20
Rectangular 0.20
Triangular 0.31
Table 5.1. Difference in the ratio of peak to Strouhal energies 
(at x,y=2d,1,5d) between Re=2x104 & 5x10^.
As a proportion of the total mean square, the Strouhal component (at the 
measurement position) accounted for between 80 and 90 percent of the energy 
(depending on the bluff body). A t this position the rectangular body produced 
the largest amplitude of velocity fluctuations (figure 5.10a), and least noise 
(maximum signal to noise ratio).
Figures 5.11, 12, & 13 show a further breakdown of the Strouhal and second 
harmonic energies across the wakes of the flat plate, the Tee-shape, and the 
triangular body (for R g = 2 x I0 ^  and 4x10^). The total mean square values (also 
included in these figures) were deduced from spectral measurements, strictly
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therefore, they represent energy up to aliasing frequency. However, as the
sampling rate used was sufficiently high and since much of the energy is
contained at the Strouhal frequency itself and at low wave numbers, the 
approximation is within 1 to 2 percent of the unfiltered values. These
measurements show that the position (y/d) of maximum Strouhal fluctuations is 
invariant with Re, and that the positions at which local second harmonic minima 
and maxima occurs is also invariant with Reynolds number. This is indicative of 
unchanging averaged vortex paths, and is consistent with Strouhal number
measurements. Original spectra for the rectangular section in this sequence are 
not available, however, the mean square profiles (shown in figure 5.14) agree 
closely at the two Reynolds numbers of 2x10^ & 4x10^. For the triangular &  
rectangular sections, the close agreement in . energy profiles at the two Reynolds 
numbers is further evidence that the behaviour of Cpb with Re (seen above) is not 
due to changes in the average length of the formation region.
Figure 5.15a shows typical time traces of hot-wire velocity signal measured 
behind a smaller triangular body (d=50mm, at x,y=2d,1.5d) for locked conditions 
(in oscillatory flow) and under steady flow conditions. In the latter (figure 5.15a- 
i) there are fairly random low-frequency modulations of the amplitude of the 
velocity signal. Modulation of this sort in the hot wire signal of the wake, or
surface pressure signal (e.g. Bearman &  Luo, 1988), is a common feature of steady
flow vortex shedding, and is just as likely to occur in unsteady vortex shedding, 
provided the wake is not synchronised. In the synchronous range the amplitude 
remains fairly constant with time (as shown in figure 5.15a-ii). The phenomenon 
of amplitude modulation is associated with breakdown in two-dimensionality of 
vortex shedding, along the span of the bluff body, such that regular vortex 
shedding is now and again interupted by less regular shedding. The exact 
regulating mechanisms however are not clear. In the present experiments, the
modulations, which were comparatively regular and noticeable in the case of the 
triangular body, were less evident in the case of the flat plate, consistent with the 
higher spanwise correlation length for this body (see figure 5.18). During
synchronisation, in which the frequency of vortex shedding is substantially 
determined by upsteam conditions, the correlation coefficient Ru,z hardly departs 
from unity. . Figure 5.18 includes correlation measurements for the triangular 
body under synchronised conditions. Note that here the correlation coefficient is 
defined as:
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u’iu'i
Ruz = ~.............V u\2 V u‘j2
where subscript -ij- denote spanwise separation.
The low frequency energy (seen in the spectra) is a measure of the amplitude 
modulations, and as we w ill see later this is greatly reduced under synchronised 
wake conditions in oscillatory flow. Here it is noted that, although the 
modulations seem to occur fairly randomly in time, the low frequency energy (at 
a given y/d position) varies smoothly with Reynolds number as shown in figure 
5.15b. The component in this figure represents low frequency energy above the 
background turbulence level and up to the Strouhal component (shaded area in 
figure 5.7). Also compare the trends of the low frequency energy with the 
decrease in the peak energy (shown in table 5.1 above).
5 .1 .4  Effects of Aspect Ratio
Measurements of the effects of aspect ratio were made using the 50mm triangular 
body. The wind-tunnel blockage in this case was therefore 8.3%. The end plates
could be retracted from either end to vary the separation distance between the
plates from about 16d down to less than 2d. Figure 5.16 shows centre span base 
pressure and Strouhal number against 1/d at flow Reynolds numbers of 1.2x10^ &  
2x10^. Two flow regimes are broadly identified, depending on the value of 1/d. 
Changes in the aspect ratio (at constant blockage) down to about 2 had little effect 
on the Strouhal number (figure 5.16a). A t the lowest 1/d ratios, S decreased with
increasingly lower aspect ratios as the boundary layer flow on the plates became
more significant. Corresponding variations in the base pressure were more
pronounced and the changes in Cpb with 1/d in the boundary layer-dominated 
regime were relatively rapid (figure 5.16b). Outside this regime the changes were 
smaller but note in particular from this figure that the base pressure did not
continuously rise with increasing aspect ratio, as is the case with circular
cylinders (West & Apelt, 1982). For the cases shown in figure 5.16 (Re= 1.2x10^ &  
2 x l0 4 )  lowest base pressures were measured at 1/d around 2. However, with
increasing 1/d, Cpb rose for ratios of only up to about 8, and declined to lower 
values beyond this point. The difference in the value of Cpb at l/d=14 and l/d=8 
was about 4%, and that between l/d=8 and l/d=2 was about 10%. In contrast the 
Strouhal number over aspect ratios of between 2 and 14 did not vary by more than 
±0.5%.
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Sectional base pressure or base pressure at a point along the span of a bluff body 
can change for a number of reasons, and may or may not be accompanied by
changes in the Strouhal number. For the Strouhal number to change either U or 
n or both must change. Base pressure on the other hand is greatly affected by 
spanwise uniformity o f mean conditions which is largely but not entirely
achieved with the use of end plates; in effect we replace the larger boundary
layers (on the wind tunnel walls) with the thinner layers that unavoidably form 
on the plates. In addition, for the triangular body, Cpb can greatly vary along the 
span (Davies, 1975). These are sources of three dimensional disturbances and 
their influence on sectional conditions w ill vary with aspect ratio. The lack of 
two dimensionality is assessed by the correlation of fluctuating velocity (or other
fluctuating quantities) along the span of the model. For the present case, the
correlation integral length scale Lz=/R u,z-dz was about 5.3d (figure 5.18). By
comparison, the correlation length for a flat plate is about lOd (Bearman &  
Trueman, 1972). The variations in Cpb therefore with 1/d are partly due to i) 
improved correlation (at lower aspect ratios), ii) the level of boundary layer
disturbances, and iii) changes in the mean velocity at the separation points (for
the lowest 1/d ratios).
The influence of the boundary layer is to raise the base pressure and for this
reason measurements in which end plates have been used have almost always 
resulted in more negative values of Cpb than in the cases in which end plates 
have not been used (see, for example, Obasaju, 1979). In this respect, a relevant
parameter is expected to be the ratio of the boundary layer thickness to the model
aspect ratio (6/1). A t l / d » L z / d ,  the variations in Cpb with aspect ratio will mainly 
arise from end boundary layer effects which must progressively increase as 1/d is 
reduced. This is consistent with the rise in Cpb as I/d is decreased over the range
l/d>8 (figure 5.16b). A t lower 1/d ratios, the correlation of vortex shedding is
greater and increases with decreasing span. Correspondingly therefore, the base 
pressure, being the volume integral of the velocity field, is reduced to lower 
values.
The flow at the lowest aspect ratios is very dependent on Re. In order to
demonstrate the influence of boundary layer growth further measurements were
made at Reynolds number of 0.5x10^. The base pressure results are shown in 
figure 5.17a. The results show that for the lower Reynolds number the presence 
of thicker boundary layer brings about the collapse in base suction earlier, at a
slightly larger 1/d value than in the case for R e = 2 x l O ^ .  The difference would have
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been more clearly demonstrated had the Reynolds number gap been larger. 
Figure 5.17b shows mean square intensity of fluctuating velocity (at x,y=2d,2d) as 
a proportion of the square of the free-stream speed against 1/d. The variations 
with aspect ratio of the intensity correspond closely to the behaviour of Cpb, and 
for l/d>2, where S remained fairly constant, the results indicate changes in the
strength of vortices formed, rather than displacement of the formation length.
For the present cases the intensity of fluctuations at the Strouhal frequency peak 
at 1/d of around 2 (figure 5.17c). Also compare spectra shown in figure 5.19a (for 
l/d=2 & 8). The spectra in addition show a difference in the low-frequency 
energy which is consistent with the expected increase in amplitude modulations 
for the larger aspect ratio. Moreover the low frequency difference energy
increases as 1/d is reduced from a high value and peaks around 1=1% (figure
5.19b). The figure indicates that vortex shedding is highly modulated at 1 just 
above L%, the length scale of energy containing eddies. This is consistent with 
increasing end effects as 1/d is reduced and agrees with the trends of the base
pressure.
In the light of these results, it seems plausible to attribute the increase with Re of 
base suction for the triangular &  rectangular bodies (figure 5.2b) to end effects.
There too 6/1 is decreasing, albeit with increasing Reynolds number. And since 
the observed Cpb trends for circular cylinders (cited above) are different, as is the 
behaviour of Cpb with Re for the Tee-shape body & the flat plate, it must be
considered that the propagation of end effects is very dependent on the shape of
the bluff body.
5.1.5 Effects of Wind Tunnel blockage
Solid blockage in a wind tunnel can be altered by either changing the effective 
test section area with the use of false floor and/or roof, so effecting the onset 
speed at the separation point of the bluff body, or, by changing the size of the 
body itself. In the present experiments the latter technique was used. This 
section amounts to amalgamation of results for the 50mm and 100mm triangular 
sections, already presented, together with new results for a larger 200mm body. 
The three sections gave solid blockage ratio, d/H, of 8, 17, and 33 percent 
respectively. Combined results of Strouhal number and base pressure against 
Re/m, and variation with solid blockage at a fixed Reynolds number of 2x10^, are 
shown in figures 5.20 & 5.21. In the plots of S and Cpb versus d/H additional points 
are included - for a similar triangular section with breadth to height ratio of one.
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from Davies (1975), shown at d/H=0, as in his case blockage correction has been 
applied. Because the effect of wall confinement is to raise the free-stream mean 
speed at the separation points, both the Strouhal number and base suction are 
increased above their 'free-air* values with increasing d/H . In the present 
results it is notable that the difference in the Strouhal number between the 50mm 
and 100mm sections (d/H==8.3% and 16.7%) was only slight, save for the lowest 
Reynolds numbers; at R e=1.5x l0^  the values of S for these two cases differed by no 
more than 10%, and by less than 8% at B ^ = 2 x l0 4 . This difference is small
compared to observed values of S for flat plates over similar d/H ratios, see, for 
example, Fackrell (1975). Here, however, for the 50mm body Re was less than 
2 .1 x 1 0 ^ , which is too low to completely eliminate Reynolds number effects. 
Nevertheless, both the Strouhal number and base pressure coefficient curves 
against d/H extrapolate closely to the results of Davies (1975) at d/H=0.
It  is instructive to compare the base pressure results for the triangular section 
with those for a flat plate as the difference in their behaviour is largely due to 
the presence of a significant afterbody in onç, and none in the other. Figure 5.22 
shows estimates of the ratio of tangential velocity at separation to free-stream 
velocity (Ug/Uo), from Cpb= { l- (U s /U o )^ } , plotted against d/H for the two bluff 
bodies. The flat plate's curve (from Fackrell, 1975) include results from numerous
experiments and was reproduced from his figure 2. The results indicate that at 
higher blockage ratios the triangular body (with b /d= l) does not sustain any 
lower base pressure than the flat plate; at d/H=33% the base pressure in the two 
cases coincide. Their difference lies mainly at the lowest blockage ratios; Cpb at 
free-air, d/H-* 0, for the triangular body (=-1.9) is some 60% lower than that for 
the flat plate (= -1 .2 ). I f  the lower base pressure developed by the triangular 
section is mainly due to higher curvature of the shear layers (and therefore a 
reduced base cavity) as is the case for rectangular sections, then the results 
indicate that the critical breadth to width ratio is dependent on d/H.
5 .1 .6  Effects of Free Stream Turbulence
In  addition to the smooth flow experiments, measurements of the Strouhal 
number and base pressure for the 50mm and the 100mm triangular sections, were 
also made in turbulent flow to provide reference values for the oscillatory flow 
experiments. Turbulence was generated using the biplanar grid described in 4.2. 
The grid was mounted at different upstream locations from the test position and in 
this way it was p^sible to vary u'/U at the test position from less than 4% to about
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15%, and correspondingly, the integral length scale, Lx, changed from 40mm to
about 15mm (figure 5.24a). The behaviour of the Strouhal number and base
pressure found was somewhat complex.
Figure 5.23 shows the variations of the Strouhal number and base pressure with 
Reynolds number in turbulent flow with u'/U=8.3%. The results shown are for the 
50mm body, and in contrast to the smooth flow behaviour, both S and Cpb remain 
fairly constant with Rg. Smooth flow is to be interpreted as the flow in the tunnel 
in the absence of turbulence producing grid, (i.e. u’/U=0.15%). The base pressure 
coefficients in turbulent flow were formed using the time mean values of free- 
stream static pressure and velocity. Note that whilst the addition of free-stream 
turbulence has reduced (even eliminated) variability in S &  Cpb with Reynolds 
number, seen in the smooth flow results, the trends are not consistent with 
promotion of earlier transition in the shear layers. The latter effectively 
increases the apparent Reynolds number of the flow (M air &  Maull, 1971). 
Moreoy.er, here the variations in S and Cpb were not monotonie with increasing 
u’/U: as u'/U was increased from about 3% to 15%, S decreased from its smooth
flow value to lower values reaching a minimum when u’/U was between 5 & 8% 
(figure 5.24b). Above this level there was a steady recovery towards the smooth 
flow value. Correspondingly Cpb initially rose with increasing u’/U and decreased
towards the smooth flow value at large u’/U (figure 5.24c). Both the Strouhal
number and Cpb have been normalised by their corresponding steady flow values.
Note that at u'/U=15% the Strouhal number and base pressure coefficient were 
only marginally lower than their corresponding smooth flow values. The results 
shown in figure 5.24 include those for the 100mm section (Re= 3x10* & 4x10^) and 
as can be seen in both cases the trends were similar. A t u’/U=7%, Lx/d for the 
50mm plate was about 0.5, and half this value in the case of the 100mm section 
(figure 5.24a).
Addition of free-stream turbulence has generally led to higher base pressures 
(lower drag values) with increasing intensity, but not always and, for certain 
rectangular sections (b/d<0.6), drag initially increases above the smooth flow 
value as u'/U is increased (Courchesne & Laneville, 1982). For these cases, Cpb 
reaches lowest values at u’/U level depending on the ratio b/d (see later). In  
contrast, Cpb for the critical rectangular section (Courchesne &  Laneville, 1982), 
or that for a square section (Vickery, 1966; Lee, 1975; Courchesne &  Laneville,
1982) continuously falls with increasing intensity. Courchesne &  Laneville
(1982), who- also systematically varied Lx/d between 0.4 and 1.5, concluded that
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/length scales (of this order) had no measurable influence on drag, (and 
presumably therefore on Strouhal number as well). No particular significance 
can therefore be attached in the ratio of L%/d in the present results (with regard 
to the mean rate of vortex shedding and the base pressure coefficient).
A major effect of turbulence, in addition to triggering earlier transition, is the 
spread of the shear layers under the action of turbulent diffusion. Gerrard (1966) 
has shown that when the evolving shear layers are diffused, it takes longer for a 
sufficient concentration of vorticity to be carried across the wake to initiate 
vortex shedding. In this way the period time to formation of a vortex is increased, 
and therefore the frequency of vortex shedding is reduced. With the increase in 
the size of the formation length, the base pressure is expected to rise. This would 
be consistent with the trends of the present results (of figure 5.24) for u’/U of up 
to around 7 or 8 percent. In the lowest u'/U regime the trends can be explained 
through earlier transition in the shear layers but, see later. However, the 
behaviour at higher intensities, in which the trends of the Strouhal number &  
base pressure coefficient (for our case) are reversed, require a more detailed 
consideration of the mechanics of the formation region, and must therefore be 
differed until chapter 6.
5 .2  Oscillatory Flow Cases
The frequency of vortex shedding and base pressure in periodic flows have been 
found to depend strongly on the value of the reduced velocity Ur=Uo/Nd. Capture 
or frequency lock-in is most commonly induced over velocity regimes near 1/S
and 1/2S, depending on the direction of the periodic disturbance relative to the
mean stream. During lock-in, the time period between the shedding of vortices 
remains constant with Ur, and hence the Strouhal number S=nd/Uo changes. It is 
this change in the Strouhal number that most undermines the general
application of the vortex flowmeter.
For the present case of inline oscillations we have investigated the reduced 
velocity range from less than 1/4S to above 1/S and address the conditions for 
which vortex shedding frequency is synchronised for the four basic cases of the 
rectangular, triangular, Tee-shape, and the flat plate. Threshold oscillation 
amplitudes, and results on the effects of aspect ratio, wind tunnel blockage and
free-stream turbulence, are presented in chapter 6 together with visualisation on
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the flat plate flow. Table 5.2 (shown below) summarises the steady flow wake 
characteristics (of figure 5.2) for the four bluff bodies.
Cross-Section d (mm) S -Cpb 1/2S
100.1 0.180 ±1% 2.3 ±2.695 2.78
I 99.4 0.157 ±195 2.6 -  3.2 3.18
100.4 0.150 ±1.595 2 .8 -3 .2 3.33
h 100.0 0.149 ±0.895 2.9±2.3# 3.36
Table 5.2. Characteristics of steady flow vortex shedding, Re=(0.7-5.0)x 104. 
u7U*0.1595j d/H=0.167; l/d=8.0.
5 .2 .1  Vortex shedding frequency
The values of the vortex shedding frequency in oscillatory flow cases were
obtained from plots of power spectra of velocity fluctuations taken from a hot 
wire probe positioned just outside of the wake, as in the steady flow cases, at 
x,y=2d,1.5d. A t nearly every value of Ur it was possible to detect a peak at the 
exciting frequency and a separate shedding peak; typical examples of the velocity 
spectra are shown in figure 5.30. Since for all cases the mean square intensity of 
the free-stream fluctuating velocity was less than the steady flow Strouhal
energy (at the x,y position) the shedding frequency was deemed to be that at 
which the spectral component was largest. This approach worked well and is 
unambiguous most of the time, save in border line regimes where the 'mode' of 
vortex shedding was changing (e.g. spectrum shown in figure 5.3Op). In such
cases vortices are shed over a wide range of frequencies and in essence there is, 
for these cases, no one particular frequency that can accurately characterise the 
behaviour of the flow in the near-wake region; a strong peak is found at the 
oscillation frequency although the wake is not completely synchronised. In  
certain cases therefore two characteristic frequencies are given, identified as the 
shedding frequency (i.e. the largest spectral component) and secondary shedding 
frequency. The latter was often close to no and is identified as there is strong
evidence that in such cases, where mode competition occurs, the far wake
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recovers to this specific frequency 'n' which approximates, but is not equal to, the 
frequency no of the classical vortex street of a steady stream. In this respect it is 
emphasised that the present measurements were made in the near-wake region 
applicable to most vortex flowmeter installations where the sensing element is 
often embedded in the generating or tripping bluff body.
In the cases of a vibrating cylinder exposed to a steady stream, whether or not 
capture of the vortex shedding frequency occurs has been found to depend on 
the ratio of amplitude of cylinder displacement to the characteristic diameter. 
A x/d . Here the equivalent displacement ratio e==aU o /23 i:N d , where
U = Uo(l+ct.S in23cN t), is specified. The threshold amplitude, and the response in 
general, found in the regime U r<l/S , are very dependent on the shape of the bluff 
body and the ratio of Strouhal numbers at the forced and self-excited frequencies 
N / n o -
5.2.2 Results for triangular body
A t a fixed frequency of free-stream oscillation (N ), a range of shedding
frequencies (n) were obtained by varying U q . Figure 5.25 shows for the
triangular body the effect on the shedding frequency and base pressure of
increasing the free-stream velocity through the various regimes of lock-in. The 
plots show the ratio of vortex shedding frequency to the oscillation frequency
(n/N) and base pressure coefficient (Cpb) plotted against the reduced velocity Ur. 
These are compared with steady flow results, at the same Reynolds numbers. The 
measurements were made in the large tunnel, and in the case of the oscillatory
flow, the amplitude of velocity oscillation (a )  remained fairly constant with U q, 
THD was of the order of 0.4%, and the free-stream turbulence intensity u*/U, from 
signal with bandwidth around N  removed, was about 0.15%. For the case shown in
figure 5.25 the value of a  was 0.11±0.02, its equivalent displacement amplitude (e)
is shown in figure 5.26, curve (ii). The velocity range covered represents a ten
fold change in Re (and therefore in N/no, from about 10 to less than 1). Note that,
since N  is constant here, we may speak of velocity in place of reduced velocity,
hopefully without confusion. The figure shows, clearly, two distinct regimes of 
wake synchronisation: near U r= l/2S  (N/no=2), over the velocity range 3sU r^ 5 .3 , 
and near U r=l/S  in the regime Ur&l/S. In both of these regimes the frequency of 
vortex shedding is constant.
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The closed symbols in the figure indicate the steady flow behaviour, and hence,
for this, the reduced velocity at which n/N=0.5 is equal to the inverse of twice the 
Strouhal number. This particular reduced velocity, which in this case where d/H 
was 16.7% has a value of 3.33 (table 5.2), is known as the resonant velocity. The 
effect of the oscillation on vortex shedding frequency and base pressure was most 
dominant in this regime. During lock-in, in this regime, vortices continued to
shed alternately from either side of the section (at n=N/2) and were accompanied 
by large increases in spanwise correlation length (a typical example is shown in
figure 5.18) and in base suction (as shown in figure 5.25b). Peak suction (some 
40% higher than the steady flow value) is sustained over much of the 
synchronous range.
The vortex shedding frequency in the second lock-in regime (Ur& 1/S) is
synchronised to N. However, the magnitude of the effect of the oscillation here 
was not so great, and frequency lock-in was not so complete as that near the
resonant velocity; the accompanying change in base pressure is relatively small, 
and a secondary vortex shedding peak closer to the Strouhal frequency of the
classical street could always be detected in the velocity spectra. For completeness 
and theoretical interest both frequencies are shown in figure 5.25 (and 
elsewhere) but the wake characteristic frequency, in this regime of the flow,
must be deemed to equal the oscillation frequency (N ) as this represents the 
largest spectral peak. Indeed, interference to vortex shedding by the in-line
oscillation (in this regime), which must effect successive growing vortices in the
same way, was not at first anticipated. Figure 5.25 also shows that base suction is 
also amplified at Ur=l/4S and Ur=l/8S. However, other than in the primary 
synchronous regimes, the shedding frequency departed only slightly from the 
natural Strouhal frequency. A notable departure is in the regime 5 .3 s U r:s l/S , 
beyond lock-in (with increasing Ur), where the 'recovered frequency’ was always
lower than the natural Strouhal frequency. The implication is that in this 
regime, although the wake is not synchronised, n only approximates the 
frequency no of the classical street.
The departure and the range of lock-in regime are dependent on the amplitude of 
oscillation. . Figure 5.26 shows the behaviour of the vortex shedding frequency 
and variation of base pressure with Up for three amplitude levels of 2a=0.16, 0.20, 
and 0.30 respectively. The figure shows that the range of Up over which the 
induced oscillation is dominant increases with increasing amplitude. This is
consistent with previous results. However, the magnitude of the effect on the
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near wake mean pressures in the present case (for the range shown, 2a = 0 .16 -0 .30 ) 
is seen to be independent of the amplitude; maximum suction reached in each case 
is practically unchanged despite the large difference in amplitude ratio (o f 
nearly twofold at U r=l/2S ).
The synchronous range for the triangular body is considerable in the case of
2 a =0,3 for which the frequency of vortex shedding is locked to one half the 
oscillation frequency for 3 & U ^^6.2, a range of 90% to 186% of the resonant
velocity. Clearly therefore the oscillation can synchronise the wake to the
frequency N/2 over a significant range of free stream velocity. The results in 
addition show that the recovered frequency, beyond the locked regimes (on 
increasing U r), is dependent on the displacement amplitude; the larger the
amplitude the larger the departure of the recovered frequency from the 'natural' 
Strouhal frequency. For the triangular body therefore we see a clear dependence 
of the range of synchronisation and of the recovered frequency on amplitude of 
oscillation. In contrast to cross-flow forced vibration results (e.g. Bearman &  
Davies, 1977) it is also notable that in the present case the induced high suction is 
sustained through much of the lock-in range; the former (at resonant regime 
near U r= l/S ) shows a 'peaky' response. This difference in the behaviour of the 
base pressure might be due to the fact that here e varies with Ur. However, note 
in addition that in the present case a higher base suction can be induced with a 
lower amplitude of displacement than with a larger value (e.g. at Ur=4.5, figure 
5.26b).
We might have expected synchronisation of the vortex shedding frequency to the 
imposed oscillation to straddle the resonant point, Up=l/2S. But, as pointed out in 
chapter 1, the location of the range of capture, relative to the resonant point,
varies from one bluff body shape to another. Synchronisation for the present
case, irrespective of the value of oc, begins at a velocity just a little lower than the 
resonant velocity, at Up=0.9(l/2S), and extends preferentially to higher values of 
U r- The independence from a of this lock-in point is perhaps better seen in
figure 5.27 which reproduces the results of the vortex shedding frequency shown 
in figure 5.26. Here, the vortex shedding frequency (n) is normalised by the 
Strouhal frequency (no) and is plotted against N/no. The reduced velocity 
therefore, unlike in the earlier figure, increases from right to left -frequency
ratios N/no=l, 2 correspond to reduced velocities Ur=l/S, 1/2S.
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Measurements of the frequency of vortex shedding and base pressure were on the 
whole made at increasing free-stream velocity. Whilst hysteresis effects were not 
pursued rigorously, in some cases measurements were repeated at decreasing 
tunnel speed, a typical example is shown in figure 5.28. The results showed no 
consistent difference of the behaviour of the wake when the velocity was
increased over the range of lock-in to that when the velocity was reduced over
the same range. Hysteresis effects have been previously reported for certain 
class(es) of unsteady vortex shedding (e.g. on phase angle of vortex shedding, and 
amplitude of cylinder displacement, in the response of freely vibrating
cylinders) but they have yet to be fully explained (see Bearman, 1984). It  has 
been suggested that hysteresis behaviour in the lock-in range might arise 
whenever displacement amplitude (e) varies with Ur, as it does, for example, in 
vortex-induced oscillation cases. The present results seem to contradict this 
suggestion, for inline cases at least, since here e certainly does vary with Up (see 
figure 5.26). Results shown in figure 5.28 are typical of the response found at 
other amplitudes of oscillation.
Figures 5.30c-s show velocity spectra which depict progressive changes in the 
wake fluctuations (at x,y=2d,1.5). The spectra, which show E(f)/Uo^ plotted against 
the frequency ratio f/no, correspond to measurements with the largest amplitude
of oscillation (2a=0.30), reproduced alone for clarity in figure 5.29. 5.30a & 5.30b
show typical spectra of the wake in steady flow shedding and of the free-stream
oscillation, at x=2d and x=-9d, respectively. The large peak (n) in 5.30c is 
identified as the shedding frequency and at this velocity, U r=0.34S"^ (which is
'much' less than the resonant velocity, 1/2S) shows no departure from the natural 
Strouhal frequency. Note however the appearance of peaks at the exciting 
frequency (N) and at f=N-n (labeled '•'), both of which are greater than no- The
Strouhal and free-stream components are also greatly amplified compared to their
separate values (at the same Reynolds number) in 5.30a &  5.30b respectively. 
Further, at a slightly higher Up value (5.30d, and in particular 5.30e), the spectra 
show low frequency energy concentrations at f=(N-n)-n, also labeled (•). Despite 
these changes in the wake fluctuations, the shedding frequency in this regime 
remains close to that of the steady flow case. With increasing velocity, between 
5.30c &  5.30f, base-suction declines to a minimum value around the steady flow 
value (figure 5.29). This marks the onset of synchronisation. Behaviour of this 
sort at the beginning and at the end of lock-in regime, in which C pb^ Cpbo? is 
typical. The spectrum 5.30f corresponds to the velocity of the onset of lock-in and 
the only significant peaks are at f=n (which now equals N/2) and at f=N. But note
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that despite this apparent concentration of energy at the two frequencies, the 
energy levels in both peaks has reduced from the values measured at a slightly 
lower Up, (compare 5.30e & 5.30f). This is probably due to changes in the position 
of the wake relative to the hot-wire probe as the formation length readjusts to the 
new wake conditions. The wake therefore shows progressive changes leading to 
lock-in but the alteration of vortex shedding frequency from the natural street
value to N/2 occurs very rapidly.
In the synchronised regime 0.9a(2S)Upg 1.6, 5.30f-n, the shedding frequency
remains constant, but the flow conditions around the body change continuously
and the structure of the wake is by no means constant. The lack of constancy is
evidenced by the behaviour of the base pressure and changes in the velocity 
spectra which continue to vary with Up. Note in particular the appearance in 
5.30k of a peak (labeled *•*) at f=(N+n) and in 5.301 at f=(N+n)+n, Up=0.62S"^ and 
Up=0.78S"^ respectively. Both of these spectra are well within the synchronised 
regime. The 'natural* shedding peak re-emerges in 5.30p, U r=0 .96S ” ,^ and the 
fluctuations at the 'sum frequencies', f=(N+n) and f=(N+n)+n, disappear. This 
marks the end of the 'classical' lock-in regime and is accompanied by the collapse 
in base suction. There is a range of Up, between the end of lock-in (5.3On) and 
full recovery of the natural frequency (5.30q), in which vortices are shed over a 
wide range of frequencies, consistent with large fluctuations of the formation 
region (which are expected). In this regime, for which 5.3Op is a typical example, 
the time averaged spectra characteristically show no distinct peaks other than 
that at the exciting frequency f=N. The rather sluggish, or slow recovery of the 
natural vortex shedding frequency should be contrasted to rapid switch from no 
to N/2 that occurs at the beginning of lock-in.
The changing distribution of energy, evident in the velocity spectra, is further 
demonstrated in figure 5.31. Here the Strouhal energy (f=n) refers to the energy 
across the shedding spectral peak. In addition, spectral components at the 
exciting frequency (N ) and sum frequencies, f=(N+n) &  f=(N+n)+n, are shown. 
Strouhal and second harmonic components of steady flow at equivalent Re are 
included for comparison purposes. The behaviour of the fluctuating intensity in 
oscillatory flow at the Strouhal frequency is consistent with the base pressure 
measurements and shows a velocity range of maximum intensity or enhanced 
vortex shedding corresponding to the synchronised regime. The results also show 
that as the Strouhal energy increases, at the beginning of synchronisation, 
fluctuations - at the exciting frequency diminish, and at the end of the
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synchronisation the reverse occurs; the collapse in the Strouhal energy is 
accompanied by the recovery in the intensity of fluctuations at the exciting
frequency. Also the behaviour of fluctuations at f=N would seem to be closely 
linked with the fluctuations at the difference and sum frequencies in that when 
the energy at f=N falls (around Ur=5) that at f=N+n (and f=N+2n) rises. The 
fluctuations, at the difference and sum of the dominant frequencies, are
associated with nonlinear interaction between the natural wake instability and 
forced oscillation (Ongoren & Rockwell, 1988a) and are known to fluctuate in- 
phase with the drag component (Davies, 1975).
It is significant that vortex shedding is synchronised to the exciting frequency
near Up=l/S (figure 5.26), in the antisymmetrical mode, despite the fact that the 
flow oscillations were purely symmetrical. Flow coupling of this sort has not 
been reported by many authors but perhaps the clearest evidence of radical 
changes in vortex shedding in this regime of reduced velocity is to be found in 
the recent measurements of Ongoren & Rockwell (1988b). Their results reinforce 
our earlier conclusions drawn from measurements made in the small tunnel (for 
the flat plate) which are presented below. That is, provided the amplitude is
sufficient, in-line oscillations can enhance the antisymmetric field.
A velocity regime, other than that near 1/2S, that is more conducive to classical 
synchronisation with inline oscillations is that near IMS. Several authors (King
et al., 1973; Knisely et al., 1984; Ongoren &  Rockwell, 1988b) have already reported
synchronisation of the wake in this regime, including the symmetrical
arrangement of vortex shedding, for a number of b luff body shapes. In the
present case, measurements of figure 5.25 have already shown that the base 
pressure is attenuated in this regime, and near Up=l/8S, but because of the broad 
frequency range covered there, and the the relatively small amplitude of 
displacement (s) in these lower reduced velocities, clear lock-in is missed. 
Further results which concentrate at Up near IMS (2a =0.24) are shown in figure
5.32. The figure shows that the frequency of vortex shedding is clearly locked to 
NM over a significant range of Up, from 94% to 112% of IMS. The results indicate 
a behaviour similar to that near the resonant velocity Up=l/2S save in this case
the base suction rises to a sharp peak, occuring close to, but not exactly at U p=l/4S .
Also that at Up either side of the locked regime, the natural shedding frequency is 
completely recovered. By comparison the response near U p=l/2S  showed 
sustained high base-suction spanning much of the locked regime and the 
recovered frequency of vortex shedding departed consistently from its natural
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steady flow value. But both of these effects, the broadening of peak suction and
the departure of the recovered frequency from no, increase with the range of 
synchronisation. This range in figure 5.32 (Up near 1/4S), whilst significant, is 
still smaller than for the smallest amplitude used at Up near 1/2S (figure 5.26, 
2 a =0.16). Indeed the latter shows near ’peaky* base pressure response and no is 
substantially recovered, and one suspects that, w ith similar ranges of 
synchronisation, the response in both regimes would be similar.
Figure 5.32 also shows measurements of wake energies at the Strouhal and free- 
stream frequency bands. Again the behaviour of the fluctuations at the Strouhal 
frequency are consistent with the behaviour of the base pressure and the 
position of peak values of the fully locked condition correspond. Maximum base 
suction reached is not lower than that at Up=l/2S (Cpb/Cpbo «140%) and the values 
of peak Strouhal energy are similar. Interaction is not limited to the Strouhal 
component alone. It  is noted that a significant growth occurs in the wake
perturbation at f=N for all Up&1.9, i.e. beyond the lock-in range. The growth or 
amplification of this component is not very dissimilar to the behaviour found in 
the lock-in range at Up=l/2S which has been shown to follow closely the collapse 
of components at sum frequencies that develop during synchronisation. 
Presumably stronger resonance between these components could lead to the 
symmetrical arrangement of vortex shedding, which can co-exist and compete 
with the alternate mode of vortex shedding. Here, however, the dominance of the 
Strouhal component signifies classical lock-in. Larger amplitudes of oscillation
were not tried.
5.2.3 Results for Flat Plate
Measurements of vortex shedding from the flat plate were first made during the 
development of the inlet device, in the small (0.3x0.3m) wind tunnel. In this case 
the plate was 50mm wide. These measurements were later repeated with a larger 
plate (d= 100mm) in the large tunnel (for smaller amplitudes of oscillation but 
over a wider range of Ur). The amplitude of free-stream oscillation (a ) in the
small tunnel could be varied to above ±25% , (with proviso), and a range of 
oscillation frequencies gave an acceptable signal waveform. For the worst case 
THD was about 5%, but most of the time THD was less than 1%, depending on N, (as 
shown in figure 3.10, f/fa=0.7-1.3). The wind tunnel blockage for both cases was 
similar (d/H=0.I67 & 0.164 respectively) and the values of steady flow Strouhal
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number and base pressure coefficient agree closely in the range of Reynolds
number of the oscillatory flow experiments (figure 5.1).
The effects of the oscillations (as for the triangular body) were most dominant at 
Ur near 1/2S (=2.78) and a displacement amplitude of only 2 e = 0 . 0 5  was sufficient to 
induce lock-in and cause large changes in the base pressure. Vortices in this 
regime of the flow were shed at one half the oscillation frequency, and provided e 
was not too large the natural vortex shedding frequency was gradually recovered
with increasing Ur. In the cases of large e, the mode of vortex shedding in the 
regime l/2S<Ur<l/S switches to the symmetric arrangement in which the wake 
characteristic frequency is equal to the frequency of the free-stream oscillation. 
Examples of the variations of the vortex shedding frequency with Ur and
corresponding behaviour of the base pressure (for the 50 & 100mm plates) are
shown in figures 5.33 & 5.34. The figures show typical response for large and
small 8. The first regime of synchronisation (with n=N/2) constitutes classical 
lock-in, where vortices continue to shed alternately from either side of the plate 
and form the staggered pattern of the Karman type close to the base of the plate. 
This mode of vortex shedding was the only one present for small amplitudes of
oscillation. A t large amplitude of oscillation, vortices are shed simultaneously 
from either side of the plate, or nearly so, depending on the value of e and the 
frequency ratio N /oq. In this case velocity signals from two hot wires placed 
either side of the wake were (on average) in-phase, signifying predominance of
the symmetric arrangement of vortices which was later confirmed by flow 
visualisation (see 6.1). However, the frequency of vortex shedding (in figure 5.33 
& 5.34) traces the largest peak in velocity spectra measured in the wake. In- 
phase, or symmetric vortex shedding could only be induced i f  e reached a critical 
value (of about 0.07) and was always accompanied by classical lock-in, in the 
regime closest to 1/2S, even for large e.
The results (for both flat plates) show that the range of classical lock-in increases 
with increasing e, and, as in the case of the triangular body, base pressure is 
attenuated below the steady flow value. Here, the base pressure falls to a sharp 
peak suction which occurs at a velocity close to (but above) Ur=l/2S. The value of 
peak suction, and the exact reduced velocity at which it is induced are dependent 
on e; with increasing e higher peak suction is reached at a slightly higher 
reduced velocity. Away from the position of maximum suction, the results show
that the behaviour of the base pressure is similar in the cases of small and large e 
- in that, for. both, |Cpy| shows trends towards the steady flow value of 2.3,
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Synchronisation to N/2 occurs only for Ura 1/2S, beginning at the resonant
velocity. However, with increasing e, the results also show that significant 
interference to vortex shedding occurs in the regime Ur<l/2S; the frequency of 
vortex shedding and the base pressure coefficient increasingly deviate from their
steady flow values in this regime of the flow.
It  is notable that the behaviour of the base pressure gives little away of the in- 
phase shedding, and in particular, the pressure is not attenuated below the steady 
flow value despite the higher rate of vortex shedding that occurs with this mode. 
This is more so for the example shown in figure 5.34 (2a=0.31-0.52) where the 
amplitude of displacement is well above that necessary to induce symmetric 
vortex shedding. Here, i f  anything, the collapse (with increasing Ur) of induced 
suction (from synchronisation to N /2) is delayed.
Figure 5.35 shows energy estimates from power spectral densities (measured in 
the wake, at x,y=2d,1.5d) around the shedding and free stream oscillation peaks for 
this 'fully* locked condition. These two components (as shown in figure 5.35a) 
account for most of the total energy. Here, unlike in the case of the triangular 
body, the 'interaction* components are small, much of the difference energy is 
distributed (fairly evenly) over the low frequency components. The figure shows 
that the Strouhal component is dominant in the regime of Ur<l/2S  and during the 
early stages of classical lock-in (l/2S<Ur<3.4) and the position of peak Strouhal
energy (at Ur around 3.1) corresponds to the position of minimum base pressure. 
W ith  increasing Up, fluctuations at the Strouhal frequency gradually but 
continuously subside to a low level, and increasingly fluctuations at the 
oscillation frequency become dominant. At Up=3.5 (125% of 1/2S) over 70% of the 
total wake mean square energy (at the x,y position) is contained around N; see 
figure 5.35 &  corresponding spectrum shown in figure 5.36b. In this regime in- 
phase vortex shedding is at its 'height*, the Strouhal Component is minimal and 
background noise is exceedingly small. For Up>3.5, the Strouhal component (in 
this case) hardly recovers and remains secondary to the component at the free- 
stream oscillation frequency. Whilst this is true, there is a notable increase in 
the low frequency noise and a gradual decline (with increasing Up) of the 
intensity o f fluctuations at N , (as seen in figure 5.35a, but also compare spectrum 
5.36c with 5.36a or 5.36b). The decline in the intensity of fluctuations at N occurs 
despite the fact that, here, a increases (approximately linearly) with Up.
8 6
Indeed conditions in the wake are changing rapidly with Up and it is expected 
there w ill be movements in the position of the wake relative to the hot-wire probe 
that may explain some of the behaviour of the fluctuating quantities. But (and 
clearly) the near wake flow in the regime of the in-phase shedding is 
significantly different to the more familiar alternate mode of vortex shedding. 
And (significantly) unlike in the regime of peak suction of classical lock-in 
where resonance occurs, here, the frequency of vortex shedding switches from 
the Strouhal component (N /2) to N  mainly through the collapse of fluctuations at 
the Strouhal frequency. The wake component at N  (during in-phase shedding) is 
no larger than its upstream value (figure 5.35b). The figure shows that at Ur=3.5, 
where symmetric shedding is at its height, E(N,+2d)/E(N,-15d) is less than unity, 
and for Up>3.5 (where vortex shedding is predominantly in-phase), E(N,+2d) is 
attenuated well below its upstream value. From resonance point of view 
therefore, we may speak of in-phase vortex shedding as being a different kind of 
wake instability to classical lock-in, but see later. And since the strouhal 
component and the component at N  are the only main peaks detectable in the 
wake spectra, this suggests that weaker vortices are shed or discharged into the 
wake during in-phase shedding.
The measurements of figure 5.33 (2a=0.24) for the 100mm plate, where in-phase 
shedding also occured, show that fluctuations at the Strouhal frequency (and 
therefore the alternate mode of vortex shedding) are recovered with increasing 
U r, if  e is not too large. For this case the amplitude of oscillation is such that in- 
phase shedding is just induced (in the regime Ur=3.2 to 3.7). The corresponding 
wake energy distribution is shown in figure 5.37. Note that here nowhere does 
the Strouhal energy fall below the energy around N, unlike in the previous 
example. Nonetheless, during in-phase shedding, fluctuations at the Strouhal 
frequency are similarly attenuated to a low level, and it is notable that in this 
regime E(n)<E(no). Also (as shown in figure 5.37b) peak energy (within a narrow 
frequency band about the Strouhal frequency) as a proportion of the total 
Strouhal component, falls well below the steady flow value. That is, during in- 
phase shedding, not only is the intensity of fluctuations at the Strouhal 
frequency reduced, but also the self excited frequency is highly modulated.
The collapse of fluctuations at N/2 from the position of maximum suction (as Up is 
increased) marks the end of classical synchronisation, and the behaviour (for the 
flat plate) is not very dissimilar, for example, to that observed in the case of the 
triangular body. However, in that case E(n) does not fall below its steady flow
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value (compare figures 5.37 & 5.31). For the flat plate, at the end of lock-in, E(n) 
falls well below E(no) even for small e where in-phase shedding is not induced or 
at least does not occur over a significant regime of Up. It would seem possible 
(even likely) that symmetric vortex shedding is also induced in the cases of small 
8 but is confined within narrow regimes of Up immediately above the position of 
peak suction. This possibility can not be eliminated with the present results. 
Clearly, however, whether or not symmetric shedding is sustained depends on the 
value of 8. For small e, fluctuations at the Strouhal frequency are soon recovered 
with increasing Up (limiting the range of lock-in) whereas for large e they may 
not be recovered so rapidly (figure 5.38).
Figure 5.39 shows the variations of vortex shedding frequency encompassing the 
regime Up=l/S. The results extend the range of Up for small and large e shown so 
far. Symmetric vortex shedding at the higher reduced velocities (Up greater than 
70% of 1/S) could only be induced in the small tunnel where particularly large 
amplitudes of oscillation were possible (the 50mm plate case). But notably even in 
this case vortex shedding switches to the alternate mode of shedding just before
U p=l/S . The recovered frequency of the flow is lower than the natural wake 
Strouhal frequency (no). The figure shows that with increasing Up the 
frequency is once again synchronised to N  (in the regime no>N) but in this case 
vortices are shed alternately and the behaviour of the  ^ base pressure is similar to 
that near 1/2S, in the classical lock-in regime (as shown in figure 5.40).
Synchronisation near Up=l/S to N  does not require the wake to have first locked to 
the symmetrical mode, but the critical oscillation amplitude for resonance to 
occur in this regime (with the inline oscillations) is large, and is sufficient to
induce symmetric vortex shedding in the lower regime(s) of reduced velocity. 
The base pressure at peak suction with 2e=0.2 is about 10% lower than the steady 
flow value (occuring at Up of about 105% of 1/S, figure 5.40). For transverse 
oscillation cases, with 2s =0.2, the value of base pressure at peak suction is some 
60% lower than the steady flow value (see Bearman & Davies, 1977). This indicates 
a drastic difference in the magnitude of the effect of the oscillations on the 
pressure (and a corresponding difference in the range of lock-in is expected). It 
is however remarkable that in-line oscillations are able to control vortex
shedding in this regime of the flow and produce base pressure changes of an
order of magnitude similar to those measured near Up=l/2S (albeit with lower 
amplitudes of oscillation).
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Away from the synchronous regimes, the frequency of vortex shedding can
deviate significan tly from the natural wake Strouhal frequency, and 
increasingly so with increasing e. The dependence of the recovered ( ‘self­
excited’) frequency to the amplitude of oscillation was more apparent in the 
measurements of the triangular body, where largest departures (of n from Uq) 
occured in the regime Up>l/2S (figure 5.29). Here, in the case of the flat plate (for 
large e, in which the effect is most notable) the self-excited frequency is 
indicated by the frequency of the secondary vortex shedding peak, which shows 
that significant departures also occur in this case, (e.g. figure 5.34), and persist to 
Up well above 1/S (as can be seen in figure 5.41). However, whilst locally, the 
departure of n from no is dependent on e, globally there would seem to be a 
continuous recovery towards no with increasing Up. Figure 5.42 shows the 
frequency of vortex shedding relative to no as a function of N/no. The plot shows 
three sets of results which were made by varying Uo but in each case N  was
different and therefore the ratio of Reynolds number to reduced velocity (Nd^/u)
is different. Note that the amplitude of displacement (2e) for these cases is large
and changes by a factor of about 4.5 between N/no^O.5 and 1.2 (from 0.9 to about
0.2). The results indicate a general trend of recovery of the vortex shedding
frequency towards no with increasing Up (i.e. decreasing N/no). This occurs
despite the larger amplitude of oscillation at the higher reduced velocity.
Note also from figure 5.42 the behaviour of vortex shedding frequency in the 
vicinity of Up=2/S and 1/S (N/no=l &  0.5, respectively) which shows a multiplicity 
of lock-in curves. In these regimes (and indeed in the lower reduced velocity 
regimes around N/no= 2, 3, 4, etc) the frequency of vortex shedding not only locks 
to simple integral ratios of N  but rather follows and switches between specific 
resonant ratios about the 'main' lock-in curve. See in addition figure 5.43 which 
shows the behaviour near Up=l/4S (N=4no). Resonance of this sort in the cases of 
transverse oscillation (in the vicinity of N /no=l) is well established and it is now
clear (from Ongoren & Rockwell, 1988a) it does in these cases also occur globally
(for all N>Uo).
A typical example in which the frequency of vortex shedding is not locked (in the 
classical sense) but the base pressure coefficient is different from its steady flow 
value is that in the regime of Ur near (but below) 1/2S (e.g. figure 5.33, 2a= 0 .2 5 ). 
Figure 5.44 shows a sequence of velocity spectra for this case measured at
x,y=1.5d,2d. The frequency of vortex shedding in the entire range shown is not 
locked to N/2 but the spectra in some cases show lock-in character. Changes in
89
the low frequency content also occurs in steady flows (figure 5.5), but note in 
particular variations in the bandwidth of the vortex shedding peak. For example, 
the frequency of vortex shedding at S.Ur=0.45 is not as well defined as that at 
S.Up=0.41, despite the fact that the reduced velocity for the latter is closer to the 
resonant velocity Up=l/2S. It is thought that the frequency of vortex shedding at 
S.Ur=0.41 is locked to a resonant ratio of N/2 and the spectrum shows 
characteristics of a locked signal, with a reduced frequency bandwidth.
5 .2 .4  Results for Tee-shape body
The third bluff body used in this series of experiments was the Tee-shape with a 
breadth to height ratio (b/d) of one. The extent of the afterbody was therefore 
similar to that of the triangular body and the steady flow Strouhal numbers for 
these two cases were very similar (see table 5.2). The average values of the base 
pressure coefficients in the range of oscillatory flow experiments 
(1 0 '^ < R e < 5 .3 x l0 4 ) were also similar, but the trends with Reynolds number were 
slightly different; for the Tee-shape, Cpbo remained fairly constant with Re 
(figure 5.2b) whereas for the triangular body, Cpbo (which was slightly higher at 
lower Reynolds numbers) continuously decreased with increasing Re, showing 
trends similar to those found for the rectangular body with the critical breadth to 
height ratio. Note that for both cases (as specified in 4.2) the pressure was
measured at the tip of the base (x=d).
Figure 5.45 shows the vortex shedding frequency and the base pressure 
coefficient plotted against the frequency ratio (N /no) for the Tee-shape in
oscillatory flow (with 2a=0.20). As in previous cases N was kept constant and the 
frequency ratio N/no was varied by changing Uo- The results are compared to 
those of the triangular body. The figure shows that the response in these two
cases are very similar. The regime of reduced velocity and the range of 
synchronisation to N/2 is almost exact. With increasing Up (reducing N/no), lock- 
in commences at about 90% of the resonant velocity (Up=l/2S, N=2no) for both
cases, but ends slightly earlier for the Tee-shape at Up of about 154% of 1/2S. The 
trends of the base pressures with Up also correspond closely but the absolute 
values differ significantly. Away from resonant regimes, the pressure for the
triangular body remains close to the steady flow value. For the Tee-shape (in the
corresponding regimes) the pressure is amplified above the steady flow value
(and presumably the drag in this regime is reduced). A t Up<l/2S (N/uo>2), Cpb for 
the Tee-shape is about 30% lower than Cpbo, and it is interesting to note that in
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this regime the frequency of vortex shedding is not any different to that for the 
triangular body for which Cpb/Cpbo remains close to unity. The effect of 
synchronisation on the pressure is similar; for both cases Cbp is attenuated by
approximately the same amount, but, as the starting values are different, peak
suction reached in each case is different.
Figure 5.46 shows the response for the Tee-shape at three different amplitudes of 
oscillation 2a =0.16, 0.20, & 0.27. The range of synchronisation (to N /2) is 
considerable; with 2a=0.27 the wake is synchronised from Up=2.85 to Up=6.15, a
range of between 90% and 183% of 1/2S. Again the range at the different
amplitudes correspond closely to the results of the triangular body (shown in 
figure 5.26).
In the regime around Up=2.6 (before lock-in to N /2) fluctuations at the free- 
stream frequency are amplified and the spectral peak at this frequency can
become dominant (as it does for 2a =0.27, see spectra shown in figure 5.47). For
this reason the frequency of vortex shedding between Up=2.3 &  2.9 in figure 5.46
(for this case) is shown as N. The amplification of the component at the free-
stream frequency follows the collapse of the fluctuations at the Strouhal
frequency -from resonant conditions at the lower reduced velocity. This is 
indicated in figure 5.48 which shows the variation of the Strouhal &  free-stream
components with Up. The figure shows that the Strouhal component at Up close to 
1/4S is enhanced, and its collapse, as Up is increased, is accompanied by a
substantial increase in the intensity of fluctuations at the free-stream oscillation 
frequency. Moreover, this feature of the flow is universal: to a lesser or greater 
extent similar behaviour is observed also in the cases of the flat plate and the 
triangular body (compare, for example, the trends in figures 5.32 &  5.48). It 
should also be noted (from figure 5.48a) that, between Up=2 &  3 in the regime of 
enhanced E(N), and at the end of lock-in to N/2 (Up=6.15), the ratio of peak energy 
to the total Strouhal component is reduced. Whilst the intensity of fluctuations at 
f=N continuously varies with Up, elsewhere the ratio of peak to Strouhal energy 
remains close to the steady flow value. The decrease in this ratio is indicative of 
modulated vortex shedding. This occurs whenever the mode of vortex shedding is
changing, and persists until the frequency of vortex shedding has readjusted to
its new value. Often the only well defined spectral peak (in these regimes) is that 
at f=N, as was shown in figure 5.30 for the triangular body.
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Figure 5.46 also shows that maximum suction reached during lock-in (for
amplitude of oscillation 2a= 0 .16-0.27) is independent of s, and as in the case of the 
triangular body, high suction is sustained over a greater part of the lock-in
range. For these two cases therefore, unlike (for example) the case of the flat
plate, the point at which the flow may be described as being 'fully’ locked, the
position of maximum suction, is not well defined. For the flat plate, recall that the 
base pressure falls to a sharp peak suction. Moreover, the results for the largest 
amplitude (2 a =0.27) in the case of the Tee-shape body show that the base pressure 
for this shape may have two distinct base suction peaks, within the lock-in range; 
for the example shown, the first peak occurs at Up=3.6, and the second occurs in
the regime of maximum suction (at 4.4<Up<6), both of which are within the lock-in
range (to N /2). The separate measurements of the Strouhal energy (o f figure 
5.48) confirm the trend of the base pressure and show that ’stronger' vortices (for 
2a =0.27) are discharged into the wake in the two regimes of peak suction.
We associate stronger vortices (and rightly so) with wider wakes, higher base 
suction and lower frequency of vortex shedding. Here, the base pressure in the 
regime Up<l/2S (N>2no in figure 5.45) is amplified above the steady flow value,
suction is lower, suggesting weaker vortices are shed in the oscillatory flow. But
the oscillatory flow Strouhal component (in figure 5.48) is at least as large as that 
in steady flow, and, indeed, is amplified in the resonant regimes (including that 
near Up=l/4S where C p b /C p b o < l). Similar apparent contradictions in the 
behaviour of the various quantities, relative to their steady flow values, have also 
been reported for certain bluff bodies in transverse oscillation cases, and it has
been suggested that the tip base pressure may not always be representative of the 
whole of the base. That is, in some cases, the drag may be different to that 
indicated by the pressure at the tip of the base.
Perhaps the most interesting and significant feature of the response of the Tee-
shape body is the existence within the lock-in range (for e=0.27) of the twin peaks
in the base pressure and spectral measurements. This, in effect, represents a 
discontinuity in the normal trends. The development of the secondary suction 
peak (in the initial regime of lock-in, as Up is increased) is preceded (as we have 
seen) with a substantial increase in the intensity of fluctuations at the free- 
stream frequency, in the regime immediately before lock-in is induced. Indeed,
at Up=2.6 (figure 5.48), the energy at the Strouhal frequency is at least equalled by 
fluctuations at f=N. And in view of the results of the flat plate, it is probable that 
symmetric vortex shedding is also induced in this regime of the flow. Switching
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between simultaneous vortex shedding and the normal mode of vortex shedding, 
an idea that is developed further in chapter six, could explain the discontinuity in 
the rise of base suction.
5.2.5 Results for Rectangular body
Rectangular body with the critical (high drag) breadth to height ratio (b/d=0.67) 
was the fourth and final shape investigated. A  significant feature of this body is 
its small 'base cavity’ to which the body owes its high drag characteristics (as 
shown by Bearman & Trueman, 1972). Turbulent fluid that is usually entrained in 
this region is therefore reduced, and as a result strong vortices are formed close 
to the base with high radius of curvature and good regularity. The body
suitability for use in a vortex flowmeter is however hampered by the poor 
linearity of the Strouhal number at low Reynolds numbers (as shown in figure
5.2a).
Figure 5.49 shows the variation of the vortex shedding frequency and base 
pressure coefficient in oscillatory flow for the rectangular body (with 2a = 0 .1 9 ). 
The figure shows the response for Up=1.4 to 8, encompassing the regimes U p = l/2S  
& 1/S. Frequency of vortex shedding is locked near Up=l/2S (to N /2), in the 
regime Up=2.7 to Up=3.4, (from about 84% to 109% of 1/2S). The range of lock-in is 
far smaller than that found for the triangular body or the Tee-shape body at 
equivalent amplitude of displacement (compare figures 5,49 &  5.25), but is larger
than that for the flat plate. Also for the rectangular body the frequency of vortex
shedding is not locked near Up=l/S and significantly the base pressure in this 
regime hardly deviates from the steady flow value. This is not to say interference 
to vortex shedding may not occur here with larger amplitudes of oscillation, but 
clearly the critical amplitude must be higher than for the other cases. It is 
notable also that the recovered frequency of vortex shedding beyond the lock-in
regime (as Up is increased) is close to the natural wake frequency. For the Tee-
shape and the triangular bodies an amplitude of 2 a =0.2 was sufficient to cause
notable departure of the recovered frequency from no-
Figure 5.49 . also shows that the base pressure at low reduced velocity values, 
before lock-in (to N/2), is raised above the steady flow value, i.e. base suction is 
reduced. The behaviour is similar to that found for the Tee-shape body (figure
5.46). However, here, there is a nearly one to one correspondence between the
variation of the base pressure and the fluctuations at the Strouhal frequency (as
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shown in figure 5.50, 2a=0.29). For the Tee-shape (at corresponding regimes)
although Cpb/Cpbo is less than unity, the Strouhal energy does not fall below the
steady flow value. The results suggest that, in this case, vortices are formed 
further away from the base (relative to steady flow conditions), whereas for the 
rectangular body, the strength of vortices formed is in addition reduced. The 
extent of attenuation of base suction is dependent on the amplitude of 
displacement, the larger the amplitude the larger the attenuation, and in view of 
previous results (see chapter 1, figure 1.5) it must be considered that with 
increasing amplitude the strength of vortices formed w ill ultimately be effected 
even in the case of the Tee-shape.
The base pressure for the rectangular body during lock-in falls to a sharp peak
suction, in contrast to the plateau-type response seen in the cases of the Tee- 
shape and the triangular bodies. The minimum pressure occurs near but at 
Up<l/2S. This is distinctly different from the other cases where in each case peak 
suction occurred at Up& 1/2S, for all amplitudes. Also note that the point of 
minimum pressure (which occurs around Up=3, figure 5.52a) and the magnitude of 
the induced suction are virtually invariant with amplitude of oscillation. Recall, 
for example, that in the case of the flat plate (figure 5.33) induced suction is 
increased with increasing amplitude and the point at which it occurs moves to a 
higher reduced velocity.
Figure 5.51 shows the effect of amplitude of oscillation on the range of 
synchronisation. The figure shows that with increasing amplitude the range is 
increased. Notably also the increase occurs on both sides of the resonant 
frequency ratio (N/no =2). That lock-in develops either side of the resonant point
is again significantly different from the behaviour found for the other cases, at 
similar amplitudes of displacement.
5.3 Summary of Main Results
The wake of a b luff body undergoes significant changes when the oncoming 
stream is forced to oscillate. In the present experiments (in which the flow was
forced to oscillate inline with the mean velocity) we have seen that these effects 
are strongest when the frequency ratio N/Hq is close to 2. In this regime of the 
flow provided the amplitude of oscillation is sufficiently large the frequency of 
vortex shedding is synchronised to one half of the oscillation frequency for a 
range of free stream velocities depending on the shape of the bluff body. During
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synchronisation large increases in base suction and intensity of wake velocity 
fluctuations take place. However, induced base suction is generally much smaller 
than that reported in the cases of cross-flow oscillations (at the higher reduced 
velocity).
In all four cases considered (of the flat plate, the Tee-shape body, the triangular 
body and the rectangular body) amplitude of oscillation 2e of about 0.05 was 
sufficient to induce lock-in. The triangular and the Tee-shape bodies produced 
the largest range of synchronisation whereas the flat plate produced the least. 
For the triangular body (and the Tee-shape body) the range is considerable, 
spanning between 90 & 190 percent of the resonant velocity (Ur=l/2S) when 2e is 
about 0.3. The lock-in range for these two cases is significantly larger than that 
produced in cross-flow oscillations (near Ur==l/S). W hils t, therefore, 
synchronisation with in-line oscillations (in the lower reduced velocity) does not 
in general lead to as large a change in the induced suction as in the cases of
synchronisation to cross-flow oscillations, the range of velocities over which the
frequency of vortex shedding is synchronised can be significantly larger.
The sequence of velocity spectra measured in the wake (as those in figure 5.30, 
for the triangular body) have shown that during synchronisation (in which the 
frequency of vortex shedding remains constant), conditions in the wake 
continuously change with Up. Changes in the wake are further evidenced by 
variations in base pressure in this regime (as seen, for example, in figures 5.26). 
During lock-in (and near the synchronous regime) strong interaction is found to 
occur between the Strouhal component and the component at the free-stream
frequency, and at sum and difference frequencies. The component at the forcing 
frequency can become dominant and for the flat plate we have seen that when
the amplitude of oscillation is sufficiently large, the wake characteristic 
frequency can switch (from N /2) to N. In the latter cases vortices form 
simultaneously from either side of the plate resulting in the symmetrical 
arrangement of vortices (close to the base).
The results further show and confirm that frequency lock-in (and interference 
to vortex shedding by oscillations in general) is not limited to the primary 
resonant regime. Lock-in regimes of secondary order were found near (or at) 
U r=l/S  (for the flat plate. Triangular body, and the Tee-shape body) and at the 
lower reduced velocity Ur=l/4S (for all four cases). Resonant base pressure peaks 
are also evident near Ur=l/8S (e.g. in figure 5.25).
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For the Tee-shape body (and the rectangular body) base suction in oscillatory
flow is reduced below the steady flow value for all Up less than about 1/2S,
increasingly so with increasing amplitude of oscillation (figures 5.46 &  5.49).
This occurs without significantly effecting the frequency of vortex shedding 
itself, and is in agreement with the reduced vortex strength (measured by 
Mottram, 1986) in pulsating pipe flows for all N / n o > 3  (figure 1.5).
Figure 5.45 contrasted the response obtained from the Tee-shape body to that of 
the triangular body (for which nowhere does the base suction fall below the 
steady flow value). For these two cases the steady flow Strouhal numbers and base 
pressure coefficients were very similar, and in oscillatory flow the synchronous
regimes are almost identical (in terms both of the velocity range and orientation 
about the resonant points). And yet the behaviour o f the base pressure in
oscillatory flow (and therefore the vortex shedding) is significantly different for
the two bodies. Since the extent of the afterbody in these two cases was the same, 
we must conclude that the detailed shape of the afterbody plays a major role in 
determining the type of response obtained.
The results show no consistent differences in the behaviour of the base pressure
(or frequency of vortex shedding) where measurements have been repeated at 
both increasing and decreasing wind tunnel speed, i.e. there seem to be no
hysteresis effects in these cases.
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Figure 5.2. Strouhal number & base pressure coefficient for the four bluff bodies 
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Figure 5.10. Strouhal energy in the wake (at x,y =2d,1.5d) of the four bluff bodies. 
d= 100mm; d/H=0.167; l/d=8.0.
UJ
0 .1 6
0.14
0.12
0.1
0.08
0.06
g  0.04
■ 0.02 □
o °  oOoOo
s
a ).
0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8
0.03
0.025
0.02
A 0.015 
0.01
0.005
0
8 u
2nd Harmonic
b).
0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8
y/d
-ffi
2
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DISCUSSION ON VORTEX SHEDDING IN 
OSCILLATORY FLOW
6.1 Visualisation of The Near Wake on The Flat Plate
To compliment the hot-wire and base pressure measurements, a video recording 
was made of the near wake flow behind the 50mm flat plate under various
oscillatory conditions. Figures 6.1-6.10 (Re=650-1900) present some of the frames 
photographed from a high resolution television monitor. Here, a stream of smoke 
was introduced into the flow (via a smoke chamber enclosed in the model)
through narrow slits cut at centre span, immediately behind the knife edges of 
the plate. The smoke emerged into the main stream behind the separation point,
and was carried along the inner regions of the shear layers as they separated, 
clearly identifying the structure of the wake. This approach was preferred to 
introducing smoke upstream of the plate. Details of the model are given in 4.3,
6 .1 .1  Steady Flow Shedding
Before considering oscillatory flow results, it is useful to review the near wake 
structures photographed in steady flow. Figures 6.1 &  6.2 show typical sequences 
of shedding cycles recorded in smooth steady flow at Re=680 and 1300 respectively. 
The photos are not exceptional but show some of the salient features of the near
wake flow. A t the lower Reynolds number (figure 6.1) we can see (in some detail)
the processes of vortex formation in which the separating shear layers coil-up 
and simultaneously deform and diffuse as they are alternately drawn into the
wake (under the action of the vortex growing on the other side of the wake). The 
separating shear layers (at these lower Reynolds numbers) are laminar, but 
formed vortices are fully turbulent as is apparent from the absence of any
coherent sheets so evident in the early stages of the rolling-up process. The 
Strouhal number for these cases varied with Reynolds number (from about 0.23 at 
Re=650 to about 0.19 at Rg^lSOO) and although difficult to identify from the 
photographs, it is expected that significant movement in the transition point 
occurs in these lower Reynolds numbers. In contrast, the Strouhal number in the 
measurements (which were made at substantially higher Reynolds numbers) 
remained fairly constant (as was shown in figure 5.1).
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The size of the base cavity plays a major role in determining the strength and 
regularity of vortex shedding; we know (from Bearman &  Trueman, 1973) it is to
this the high drag rectangular section owes its behaviour. For the flat plate, this
region (between the base of the body and the growing vortex) is comparatively 
large, and the photos show that a significant amount of turbulent fluid is 
entrained within it. Some of this fluid is drawn into the growing vortices, but 
some lingers on over several shedding cycles; not all of the fluid is replenished 
during each complete cycle. This is thought to be partly due to fluctuations in the 
size of the formation region itself, which, over large number of cycles, varies a 
great deal (as shown in figure 6.3). Such variations are an obvious cause of the 
the low-frequency amplitude modulations apparent in wake measurements of 
velocity and pressure signals. And although it is not possible to determine, it 
seems likely that the strength of vortices formed is also modulated, since the
curvature of the shear layer (which determines the extent of the formation
region) is strongly dependent on the density and thickness of the layer. It  is 
likely therefore that amplitude modulation is due to a combination of both 
varying vortex strength and position. Indeed, recently Dr Hebrard (1992, private 
communication) presented a video recording of vortex shedding from a relatively 
thicker plate (b=0.4d) with phase-linked hot-wire measurements which showed 
that the collapse in the amplitude of the velocity fluctuations is accompanied by 
less organised vortex shedding or even complete absence of any coherent large 
scale vortical formation. The exact causes for this behaviour are not clear, but 
measurements on the whole suggest we should associate the initial disturbance 
with end effects.
Experimental results (e.g. Davies, 1976) and numerous numerical models (see, for 
example, Sarpkaya, 1979; Bearman, 1984) have shown that only a fraction of the
vorticity generated from the forebody is found in the far wake. The fraction
T y f / r ,  representing the ratio of the far wake circulation to that generated in the 
boundary layer, during a shedding cycle, is quoted to be between 25 and 60 
percent. The variance in the value is largely due to difficulties in accurately 
representing the near wake flow where destruction of a significant proportion of 
generated vorticity is generally thought to occur. Primarily, this is attributed to 
mixing of flows of oppositely signed vorticity in the two shear layers. The 
present smoke pictures show that such mixing occurs mainly when the growing 
vortex entrains part of the fluid left in the wake of the vortex shed from the
opposite side (e.g. figure 6.2a). Prior to this, the photographs show that a vortex
continues to -grow, fed mainly by circulation from its connected shear layer. The
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shedding seems to result from stretching and diffusion of vorticity rather than 
approach of oppositely signed vorticity, as is, for example, postulated in Gerrard’s 
(1966) model of vortex formation. In the latter, entrainment (in sufficient 
concentration) of oppositely signed vorticity is considered essential to vortex 
shedding. The model is illustrated by the fact that in the presence of a splitter 
plate, where mixing cannot occur, vortex shedding is delayed or may be 
prevented altogether i f  the plate is sufficiently long. However, the splitter plate 
effects could also be used to demonstrate that interaction (not necessarily mixing)
between the layers is important to vortex formation. For example, the state of the
shear layer w ill in part depend on the velocity field imposed by the vortex
growing from the other side. This is not to say that the two shear layers are not 
brought close together and that entrainment of oppositely signed vorticity does 
not occur (it evidently does), but rather that such mixing would seem not 
necessary to cause vortex shedding. The processes discernable here are perhaps 
closest to those described by Sarpkaya (1979), and it must be considered that a 
significant amount of vorticity generated in the forebody (in the present case of
the flat plate) is lost after vortex formation.
6.1 .2  Classical Lock-in
The effects of in-line oscillations on the wake of a bluff body are strongest when 
the frequency of the oscillations is close to twice that naturally arising in the 
wake. Hot-wire and base pressure measurements have already shown that in this 
regime, an oscillation amplitude of the order of 2e=0.05 is sufficient to cause 
frequency lock-in and induce large increases in base suction and intensity of 
wake velocity fluctuations. For the flat plate, figure 6.4 shows the synchronised 
mode of vortex shedding with n/N=0.5 (N/no=2, 2e=0.16; 2a =0.39). The full 
magnitude of the change in the organisation of the wake caused by the 
oscillations is revealed by comparing this figure, w ith the steady flow  
photographs of figure 6.2. For both cases Re=1300, and in each case the near wake 
formation is composed of vortices of opposite sign, shed from alternate sides of the 
plate. Also, since for the oscillatory case N/no"=2 (U r= l/2S ), n=no. That is, the 
frequency of vortex shedding in the two cases is also the same. However, instead 
of the relatively large formation region and gently curved shear layers, we find 
for the oscillatory case intense concentrations o f vorticity developing 
immediately behind the separation points. The synchronised state shows a 
significantly reduced base cavity. This is an obvious cause of the low pressure 
that is measured on the base for this case.
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In addition to the fundamental mode shown in figure 6.4, a further three modes of 
vortex formation were observed in the synchronous regime (with n/N=0.5). 
These are illustrated in figure 6.5. The photographs shown in both figures were 
taken from the same video recording, i.e. U r=l/2S  (2e=0.16); switching therefore 
occured between the various modes. For this case, however, (with n=no) the 
fundamental mode was the preferred mode of vortex shedding, accounting for 
more than 85% of the time in a recorded sequence of over 200 cycles. Figure 6.5b 
illustrates an asymmetric arrangement which was found most predominant at Uj- 
slightly above 1/2S. In this arrangement, three vortices are formed during every 
two cycles of the free-stream oscillations; two vortices (one primary and the other 
secondary) form from one side of the plate followed by shedding of a single vortex 
from the opposite side. The secondary vortex preferentially formed from the 
upper shear layer indicates possible asymmetry in the development of the wake. 
However, there is also tendency for a secondary vortex to form from the lower 
shear layer, and occasionally a complete formation is observed from both layers, 
resulting in the arrangement illustrated in figure 6.5c. In this case, therefore, 
each primary vortex is followed by formation of a secondary vortex from the same 
side. The fourth mode (shown in figure 6.5d) illustrates symmetric vortex 
shedding which we know from hot-wire measurements (e.g figure 5.34) is most 
predominant at higher reduced velocities and for amplitudes above a certain 
critical value. Here, symmetric (or in-phase) vortex development occured the 
least, proportionately accounting for less than 4% in the recorded sequence. Both 
the symmetrical and the asymmetric arrangements were also found to occur at 
lower reduced velocity regimes (N/no>2) and they both result in complex pairing 
of vortices as they move downstream. Save in the symmetrical arrangement, the 
near wake frequency of vortex shedding (measured at x=2d) was N/2.
Modes of vortex formation similar to those shown in figure 6.5 have also been 
previously reported by Ongoren &  Rockwell (1988b) and G riffin &  Ramberg 
(1976). Both of these earlier studies dealt with a circular cylinder subjected to 
oscillations in a steady stream. It is interesting to note that Ongoren &  Rockwell 
found that by bringing the flow to rest and then to full speed again it was 
possible, in the case of the asymmetric vortex formation, to obtain mirror 
development in which the formation of the secondary vortex switches sides. This 
would suggest that the final configuration is dependent on initial conditions. The 
detailed photographic measurements of Ongoren & Rockwell also show that 
excitation at frequencies at which there is no synchronisation produces 
continuous switching between the various modes of vortex shedding. This is
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partly borne out in the hot-wire and base pressure measurements which have 
shown that oscillations interfere with vortex shedding for all values of Ur below 
about 1/S (see chapter 5).
The occurrence of the asymmetric vortex formation (in this case of purely 
symmetrical excitation) is particularly interesting as this indicates asymmetry in 
the unsteady velocity field around the two separation points. It  is argued (e.g. 
Davies, 1975) that oscillations input additional vorticity in the wake, which, in the 
synchronous regime, reinforces the growing vortex. This is evidenced by the 
increase in the intensity of wake fluctuations that accompanies frequency lock- 
in. Indeed, it is the increase in shed vorticity that promotes growth of vortices 
closer to the rear face of the body. The production of circulation from the 
boundary layer is governed by the tangential velocity at the separation point. Us, 
that is set up by the oncoming stream and the wake flow. In a steady stream, some 
kind of equilibrium is established in the formation region, so that the periodicity 
in the shedding of circulation does not cause significant lateral excursions of the 
shear layers at the separation points (figure 6.2). However, in oscillatory flow, in 
addition to the normal periodicity induced by the wake, the separation velocity is 
perturbed by the forced oscillations which can cause large oscillations in the 
paths taken by the separating shear layers, as is apparent in the sequence of 
photographs shown in figure 6.4. The video shows that in this case, vortex 
shedding tends to be initiated at the points at which the shear layers reach the 
position of maximum lateral displacement. That is, the excursion of the shear 
layer is paramount in determining the moment of vortex shedding. This directly 
depends on the velocity field at the separation points which, as in the case of 
steady flow, is influenced by both upstream and downstream conditions. For the 
naturally occuring vortex street, the latter influence w ill  exert an 
antisymmetrical perturbation in the near wake. Therefore, even in the case in 
which the free-stream excitation is purely symmetrical, there w ill still be 
simultaneous excitation in the antisymmetrical mode, but in this case (unlike in 
the steady stream) the latter seems to be considerably amplified. The coexistence 
of these two types of excitation (as suggested by Ongoren &  Rockwell, 1988b) 
provides the rich array of admissible modes of vortex formation. However, so far 
little work has been undertaken to characterise fully the flow at the separation 
points.
In the synchronous regime around Ur=l/2S, Griffin & Ramberg (1976) found that 
the lateral spacing of vortices (b) decreased with increasing amplitude of
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oscillation, and that the asymmetric formation of vortices was induced when *b' 
become vanishingly small. They conclude that the switch to this arrangement of 
vortices occurs to preclude development of a 'thrust-type' street, similar to that 
found in cross flow oscillations when the amplitude of oscillation is greater than 
about one (Griffin &  Ramberg, 1974). The latter is associated with the condition
b=0. In the case of Griffin & Ramberg (1976, inline oscillations) the street became
almost co-linear (i.e. b=0) at amplitudes of displacement (2e) of between 0.15-0.20, 
when the wake was synchronised to N/2. Here, for the flat plate, the lateral 
spacing of vortices was also found to decrease with increasing amplitude of 
oscillation (as shown in figure 6.6, N=1.8no), but the photographs show that it is 
the existence (or tendency of formation) of secondary vortices that causes the 
reduction in lateral spacing. This is illustrated in figure 6.7 which shows the 
formation of a secondary vortex from the upper shear layer (a-e), and subsequent 
motion (f-h). Note that the secondary vortex is formed on the outer boundaries of 
the wake, in the tail of the preceding primary vortex, and as a result, the vortex 
growing from the opposite side is drawn across the wake. In this way lateral 
spacing of vortices is seen to be reduced. The resulting wake is that in which 
oppositely signed vortices merge (figure 6.7g-i).
Figure 6.6, which shows the path of the vortex centre or shear layer position 
(traced from the photographs), includes the curves for 2e=0.16 with N=2no and
N = 1.9n o , i.e. at equal amplitude of displacement but different Ur. The figure shows
that for the former case (with N=2no), in which the fundamental mode of vortex 
shedding is predominant, the path of the vortex centre, although initially drawn 
towards the axis of the wake (in the formation region), eventually recovers; at
x=3d the lateral spacing for this case is coincident with the steady flow result.
However, the recovery rate of b at the slightly higher reduced velocity (N==1.9no) 
is significantly reduced (as is the case for N=1.8no, 2s=0.I9, also shown in the same 
figure). In both of these latter examples (N=1.9no, 28=0.16 & N=1.8no, 28=0.19) the 
mode of vortex shedding is predominantly asymmetric. They are also both close to 
their respective fully locked conditions, i.e. conditions at which maximum base 
suction was measured. For the flat plate, the value of peak suction and the 
reduced velocity at which it is induced are dependent on the amplitude of
oscillation; with increasing e higher peak suction is reached at a slightly higher
reduced velocity (see figure 5.33). The reduction in lateral spacing of vortices is 
therefore seen to correlate well with the behaviour of the pressure at the base of 
the plate. See also 6.2.
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It is also interesting to note that, here, as in the case of Bearman &  Trueman 
(1972), the Von Karman ratio of a stable vortex street b/a=0.281 is not found. For 
the steady flow case, figure 6.7 shows that b/d is approximately equal to 0.6. In 
this case Uo=0.39m/s, and using Bearman & Trueman's result of the wake vortices 
convection velocity, U c=0 .76U o , we obtain a/baiO.15; (S=0.195, d=50mm). The 
present results therefore provide yet a further rejection of Von Karman's idea 
that streets are only stable i f  b/a=0.281.
6 .1 .3  Sym m etrical Vortex Shedding
The various modes of vortex shedding exhibit continuous changes in the near
wake flow, when the frequency of vortex shedding is synchronised to the
oscillations. Nowhere are such changes more starkly demonstrated than in the 
case of the in-phase vortex shedding. This mode of vortex shedding, under steady 
conditions, is found to occur only when the forcing oscillation has a symmetrical 
component, it does not occur in the case of purely cross-flow oscillations. We
have seen from hot-wire measurements that in-phase shedding can completely 
suppress the normal wake instability and significantly reduce the intensity of 
fluctuations in the wake at the forcing frequency compared to the upstream value 
(figure 5.35, Ur>3.5). That is, the intensity of fluctuations at the two coherent 
spectral components are both diminished. Figure 6.10 shows a typical cycle of 
symmetrical vortex shedding photographed in the regime Ur>l/2S. In this case 
vortices growing from each side of the plate are brought to close proximity and 
mix during the development stage itself (as depicted in the figure) or as soon as 
vortices are shed. In both cases mixing of oppositely signed circulation shed from 
each side is total, resulting in a single vortex cloud which subsequently moves 
downstream. The near wake motion is therefore composed of oppositely signed
vortex pairs which form close to the base of the plate and are discharged 
approximately central to the wake. However, whilst this is particularly so for the 
example shown, the video shows that in fact intermittently stronger and weaker 
vortices are formed from each side, i.e. some asymmetry persists, and occasionally 
vortex shedding reverts to the antisymmetrical formation. The degree of 
'intermittency' is best ascertained from averaged hot-wire measurements which 
have shown that as Uf is increased from the position of 'fully locked' symmetrical 
shedding (e.g. figure 5.35, Up=3.5), fluctuations at the Strouhal frequency are 
gradually recovered. The exact reduced velocity value of the fully locked 
condition and the rate of recovery of fluctuations at the Strouhal frequency are 
dependent on amplitude of oscillation (figure 5.38). In-phase vortex shedding
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therefore maintains an element of asymmetry, and for this reason, despite the 
pairing of oppositely signed vortices that occurs much of the time, wake 
fluctuations are not entirely eliminated. However, it is expected that in this 
system of vortex pairing, the strength of the far wake vortices w ill be 
significantly less than the steady flow value.
In-phase vortex shedding has been found (King et. al., 1973; Knisely et. al., 1984; 
Ongoren & Rockwell, 1988b) to occur mainly at lower reduced velocity regimes, 
N >2uo, where it is reported to be most stable. Here, in the case of the flat plate, the 
occurrence of the symmetrical mode of vortex shedding at the lower reduced 
velocities is confirmed by the smoke photographs (figure 6.9, N=2.7no), and 
spectral measurements have identified the regimes either side of the classical 
lock-in ranges as particularly prone to this arrangement. Nonetheless, no clear 
evidence of significant ranges of lock-in to the symmetrical mode was found in 
the lower reduced velocity regimes. However, current measurements in these 
regimes were limited to small amplitudes (2e was less than about 0.06 for all
Ur<l/4S). Whilst lock-in was found to occur around Ur=l/4S (see, for example, 
figure 5.32) the synchronised mode of vortex shedding was predominantly 
antisymmetrical, accompanied by large increases in the intensity of fluctuations 
near (or at) the Strouhal frequency; a typical cycle is shown in figure 6.8. In 
contrast, where measurements have been carried out at sufficiently large 
amplitudes of displacement, as for example in the case of Ongoren & Rockwell
(1988b), where 2e=0.26 (l/4S<Ur<l/S), the symmetrical mode of vortex shedding is 
found to predominate over Ur<l/2S. Note however that they report the 
arrangement to be more coherent around N=3no than at the lower reduced
velocity regime, N=4uo, or the regime closest (but below) N=2no. This is also bom 
out from the present measurements which indicate that wake fluctuations at the
frequency of forcing oscillations are greatly enhanced in the regime before
classical lock-in (as shown in figure 6.11). This is particularly so in the cases of 
the triangular, the Tee-shape, and the rectangular bodies, i.e. shapes with
significant afterbodies; for the flat plate a greater enhancement of fluctuations at 
f=N occurs in the higher reduced velocity regime, at the end of classical lock-in. 
The difference would seem to be purely connected to the absence of a significant 
afterbody in the case of the flat plate which allows vortices to merge close to the 
base, necessary to sustain in-phase shedding through cancellation of the 
antisymmetrical component. Note that at the lower velocity regimes the
symmetrical arrangement persists over several vortex pairs before merging 
which therefore takes place a little further away from the base (figure 6.9).
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Whether or not stable in-phase shedding can develop over the regime U r> l/2 S  
therefore seems to depend on the extent of the afterbody. In the presence of a 
significant afterbody the results on the whole indicate a greater affinity to the 
antisymmetrical formation for all Ur>l/2S. This is demonstrated particularly well 
from the results of King et. al. (1973) who reported on vortex-induced inline 
oscillations of lightly damped circular cylinders (in water) where two distinct 
regimes of instabilities were identified: in-phase vortex shedding was found to 
occur in the regime of excitation below Ur=l/2S (N>2no) whereas antisymmetrical 
vortex shedding was found for Ur above 1/2S.
6.2 The Base Pressure
It is well established that there is some complex equilibrium between the amount 
of vorticity that is shed from the separation points, the distance to vortex 
formation, and the base pressure. Although complex, equilibrium of this sort in 
steady flow vortex shedding is demonstrated in the existence of an approximate
universal curve (for a range of bluff bodies) between the product S .C j and the
base pressure parameter k^= l-C p b , (Bearman, 1967). In oscillatory flow the wake 
conditions vary a great deal with Ur and amplitude of oscillation (a ) , and the
response of the wake reflects this situation. Not only is the base pressure
strongly dependent on the value of Ur but there are also significant (even large) 
differences in the trends produced by different b luff bodies. This is to be 
expected given the array of combination of modes of vortex shedding that are
possible with inline oscillations. The complexity of the situation is readily 
grasped when one considers the fact that the various modes of vortex formation 
(outlined in 6.1) are often found to co-exist and compete with one another. And 
since the low pressure behind a bluff body is produced by continual entrainment 
and drawing of fluid from the base region by the growing vortex, the response of 
the base pressure w ill inevitably reflect the near wake arrangement. However, 
although the behaviour of the base pressure is complicated, important trends 
emerge particularly with regard to the role of the afterbody in the near wake
form a tion.
The increase in base suction in the synchronous regime is primarily attributed to
enhanced vortex shedding. Roshko (1954) estimated the rate of shedding of
circulation from a bluff body by considering the mean base pressure. A  measure
of the rate of shedding of circulation from a separation point is given 
approximately by d r /d t= ^ s ^ , where Ug is the velocity at the edge of the boundary
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layer at separation. On the assumption that pressure remains constant across the 
shear layer, the average velocity at separation, Ug , is approximated by kUg,
(where k^= 1-Cpb). Davies (1976) has considered the contribution to dT/dt from 
unsteady velocity generated at the separation point, but concluded this was small 
in comparison to the mean rate and it can therefore be neglected. Hence the 
circulation shed during the formation of a vortex ( r )  is approximately given by:
r /U o d " |( l-C p b )(U o /n d ).
Figure 6.12a shows the ratio of circulation shed under oscillatory and steady flow 
conditions (F /F o ) plotted against the inverse of the frequency ratio N/no for the 
triangular and the Tee-shape bodies (2a =0.20). It will be recalled that the extent 
of the afterbodies in these two cases was exactly the same (b=d) and their steady 
flow Strouhal number and base pressure coefficients (based on pressure 
measured at the tip of the base) differed only slightly. The only difference 
between the bodies is the geometry of the afterbody shapes. In both cases also the 
range of lock-in to N/2 was very similar (see figure 5.45). Firstly, figure 6.12a 
demonstrates that the circulation shed per cycle in both cases is significantly 
amplified during lock-in, reaching peak values at the end of lock-in range (Uq/N  
around 0.8). But note in particular that in the regime no/N<0.5, the Tee-shape 
results show that the amount of circulation shed in the oscillatory flow is 
significantly attenuated below the steady flow value, reaching a minimum around 
no/N=0.4, i.e. N/no=2.5. This is the position at which in-phase vortex shedding was
found to be most prominent (figure 6.11). For the triangular body, on the other
hand, F /Fq  remains substantially above unity over the entire frequency range. 
The difference in the trends between the two bodies is seen as a consequence of 
the extent to which symmetrical vortex shedding can occur in each case. In  
essence this mode of vortex shedding (for Ur<l/2S) broadens lateral spacing of 
vortices, as vortices in this configuration form in the outer boundaries of the 
wake (figure 6.9). The mean pressure at the tip of the base is therefore expected 
to rise with increasing prominence of the symmetrical arrangement, which is 
more likely to develop (with less interference) in the case of the Tee-shape body. 
It  should also perhaps be emphasised that with symmetrical shedding the 
formation length is reduced as the rolling process occurs closer to the separation 
points. For this reason it is expected that this arrangement of vortices w ill
develop more easily in the case of the Tee-shape body where rear surface
interaction is less likely to occur.
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The interference of the afterbody to symmetrical vortex formation is also well 
demonstrated in the case of the rectangular body. The behaviour of the base 
pressure for this case in the regime Ur<l/2S is comparable to that of the Tee-shape 
in that here too base suction is decreased, increasingly so with decreasing Ur (as 
was shown in figure 5.50a). However, the interference by the afterbody in this
case is unlike that in the case of the triangular body where simultaneous 
development of vortices is impaired. For the rectangular body the rear corners
act to deflect the shear layers and therefore the lateral spacing of the resulting 
near wake is increased. The situation is similar to that in steady flow between a 
rectangular body with the high drag b/d ratio and, say, that with b /d=l, except 
that here b/d is fixed but the formation length is reduced. Further, present
spectral measurements have shown that the frequency of the self excited 
fluctuations is highly modulated in the regimes of mode competition. It  is 
expected therefore that as the prominence of symmetrical shedding increases the 
amplitude of fluctuations at the Strouhal frequency w ill decrease which is exactly
what is observed in the case of the rectangular body for all Ur<l/2S (figure 5.50b).
The co-existence and switching between symmetrical and alternate vortex
shedding seems therefore to explain well the collapse in the amplitude of 
fluctuations at the Strouhal frequency measured for the rectangular body, for all
U r  below the resonant point. The trends found here for the Tee-shape and 
rectangular bodies are consistent with the results presented by Mottram (1986), 
for similar bodies but in pulsating pipe flow (with solid blockage of about 30%, 
which is typical of vortex flowmeter installations). It  w ill be recalled that his 
measurements (which are referred to in chapter 1, figure 1.5) also showed large 
decreases in vortex strength for N>3no (of up to 90% with u'/U<0.15). A  situation 
of this sort would of course be unacceptable in a real metering situation, but it 
can be avoided altogether by careful design (see also 6.6, below).
A distinctive feature of the base pressure measurements in the present series is 
the plateau response found for the triangular and the Tee-shape bodies in the
synchronous regime with n=N/2 (see, for example, figure 5.26). This form of base 
pressure response is particularly interesting since the fla t plate and the 
rectangular body have produced the more familiar 'peaky* response, under 
similar flow conditions; namely those of varying e with Up. Also, for the former 
bodies, base suction in the regime immediately above Up=l/2S was found to 
decrease when the amplitude of oscillation was increased above a certain value 
(compare measurements at Up=4.5 in figure 5.26). That with increasing amplitude 
saturation conditions are reached is not surprising, but the reasons for the
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collapse in sustainable suction (occuring well within a lock-in regime) are not
obvious. The behaviour is further illustrated in figure 6.12b which shows the
ratio of shed circulation F/Fo for the Tee-shape body with 2a =0.20 & 0.27; F /F q was 
computed using the expression above. The figure shows that at no/N=0.6, for 
example, the amount of circulation shed during the formation of a vortex is some 
40% higher with 2a =0.20 than with the slightly larger amplitude of oscillation 
(2a=0.27) but at equal U q (since N  here was constant). Here therefore the estimate 
of shed circulation does not reflect conditions at the separation points and 
presumably the discrepancy arises as a result of changes in the mixing processes 
in the near wake. Based on the flat plate results we may speculate that the 
asymmetric mode of vortex shedding is likely to predominate in this regime, 
immediately above U r= l/2 S  (no /N>0.5). However, for the flat plate this 
arrangement resulted in lowering the base pressure; lateral spacing is reduced 
due to pairing of oppositely signed vortices (figures 6.6 &  6,7). Note in particular 
from figure 6.6 that minimum lateral spacing (or 'necking') occurs approximately 
at x=d. The tail piece in the Tee-shape body may well impede the process of cross­
wake vortex pairing. Moreover, reduction in lateral spacing induced in this way 
increases with increasing amplitude of oscillation and therefore fits well with the
amplitude trends of figure 6.12b. Also note that in the regime closest to no /N =0 .5 ,
alternate shedding predominates and the rate of increase of F /F q in this regime is 
rapid. For the flat plate, the asymmetric mode of vortex shedding was found to 
dominate only for N /noal.9 . The results in figure 6.12 (including those shown in 
figure 6.12a, for the triangular body) also show that the rate of increase of F/F© is 
unaffected until N/no=1.9. Nonetheless, the emerging picture is complex and
would require flow visualisation to resolve.
The expression given above for the estimation of the mean rate of production of 
circulation at the separation points, vis.
dr/d t = .  i[ l.C p b ].U o ^ ,  6.1
is used to provide a measure of vortex enhancement by comparing wake
conditions (as above), and is clearly a useful expression for this purpose. 
Nonetheless, it is a definition that requires careful interpretation. In particular 
whilst we have an understanding and description of the near wake processes, it 
has not been possible to address comprehensively the question of vorticity 
destruction in the developing wake. In oscillatory flow, cross-wake cancellation 
by mixing as well as generation of vorticity by interaction with the body can
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vary a great deal, and the results in figure 6.12 demonstrate this only too well.
Numerous authors have considered this question and a discussion of the various 
mechanisms of vorticity destruction is given in Sarpkaya (1979). Here, the matter 
is raised in relation to the asymmetric vortex shedding which, despite pairing of 
oppositely signed vortices (i.e. greater cross-wake mixing), results in lowering 
the base pressure. As explained above this occurs because of the accompanying 
reduction in the size of the formation region that is inevitable as vortices draw 
each other across the wake. This is an example of enhanced vortex shedding 
(evidenced by increases in the intensity of wake fluctuations) arising from the
organisation of the near wake, in contrast to that which arises from additional 
vorticity input by free-stream oscillations. For the purpose of estimation of d T / d t  
through the base pressure, such distinction at first would seem not necessary, 
since the change in the rate of shed vorticity follows the base pressure, and vice 
versa (according to equation 6.1). However, for a number of reasons it is
important to recognise the existence of these two separate processes to vortex 
enhancement, not least because they are central to the phenomenon of 
frequency lock-in and oscillatory flow in general. For example, if  a distinction is 
not made, how is one to explain the fact that the reduced velocity for maximum 
suction often does not precisely equal the resonant velocity: U r^l/S  or 1/2S (as the 
case may be), i.e. the reduced velocity where stream oscillations (or body
movement) and wake fluctuations most complement each other. In  contrast, 
vortex enhancement arising from wake feedback does not require maximum 
suction to occur at the resonant velocity. Here, it is therefore hypothesized that 
the existence of vortex systems such as the asymmetric arrangement 
photographed for the fla t plate (and known to occur elsewhere) provide 
additional mechanisms through which vortex shedding is enhanced and usually
give fully locked conditions occuring at a reduced velocity other than the
resonant value.
During synchronisation, therefore, the base pressure is changed not only due to
enhanced vortex shedding (and the accompanying changes in the 2-dimensional 
wake structure), but also due to changes in the organisation of the near wake
i ^K  (effecting entrainment processes and the size of the formation region). The
contribution from increased spanwise correlation can be gauged from aspect 
ratio effects in the absence of oscillations (figures 5.16 & 5.18). The figures show 
that by reducing 1/d from about 8 to 2, the correlation coefficient Ru,z for the 
triangular body is increased from about 0.1 to around 0.8, and the base pressure is 
reduced by - about 9%. We may therefore expect that under synchronised
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conditions (over which Ru,z remains substantially unity), improved spanwise 
correlation (even for the worst case of large aspect ratio) w ill account for little 
more than about 10% of the increase in the base suction. Sarpkaya (1979) and 
Davies (1975) also emphasize that changes in two-dimensional wake structure 
induced by lateral oscillations of bluff bodies account only for a small proportion 
of the total increase in sectional lift. Here, in fact, it was found that the spanwise 
correlation was significantly improved from the steady flow value even outside 
the lock-in regimes (as shown in figure 6.13). In particular note that, despite the 
higher correlation measured either side of the lock-in range (N/no ="1.1 & 2.5), the 
base pressure (which is shown in figure 6.13a) is no lower than the steady flow 
value. This is due to changes in the organisation of the wake. It must therefore 
be concluded that the increase in base suction (and therefore drag) 
accompanying synchronisation is primarily due to enhanced vortex shedding 
arising from 1) additional vorticity input by the oscillations and 2) due to changes 
in the organisation of vortices in the near wake. There being no separation on 
shed vorticity due to each of these major effects, it is not possible to determine 
comprehensively the contribution each has on the conditions at the separation 
points. Neither does a given vortex arrangement produce the same effect in each 
case. For example, even a slight reduction in the formation length in the case of 
the critical (high drag) rectangular body w ill result in an increase in base 
pressure (due to interference by the rear corners), whereas for most cases the
reverse w ill occur. It is through this latter influence that in some cases the base 
pressure during synchronisation does not fall below the steady flow value, despite 
the additional vorticity input by the oscillations. Often, however, such 
differences in the behaviour of the base pressure (between the oscillatory and
steady flow cases), are presumed to arise from changes in the frequency of vortex 
shedding. This, as we have seen above, is not necessarily always the case; the base 
pressure may change without effecting the mean rate of vortex shedding.
It has been shown (Bearman, 1965) that the further the vortices can be persuaded
to form away from the body the higher the base pressure. Davies (1976) found
that for a D-shape cylinder subjected to lateral oscillations, the vorticity in the far 
wake (x=8d), under fully locked conditions, as a fraction of that generated in the 
boundary layers (computed via equation 6.1) was no different to that in the steady 
flow (with the cylinder stationary); T-^ /T  is given as 26% and 24% for the steady 
and oscillatory cases. He concludes that this supports the contention that a 
greater destruction of vorticity occurs in the developing wake for the oscillating 
case, (mainly though vortex interaction with the afterbody; in this case vortices
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were found to develop with little cross-wake interference). Whilst clearly 
stronger vortices are formed in oscillatory flow (as evidenced by the increase in 
the intensity of wake fluctuations), it is not clear how much of the apparent 
increase in the measured base suction arises purely from closer proximity of 
vortices to the base, and the validity, therefore, of using Cpb (via equation 6.1) for
estimation of shed circulation in the two cases might be questionable.
On the assumption that the maximum base suction during synchronisation is 
induced primarily due to formation of vortices closer to the base of the obstacle
(as the visualisation on the flat plate suggests), then the maximum change in the 
base pressure coefficient (ôCpb) is likely to be proportional to the change in the 
size of the formation region (ôlf). For a near wake vortex arrangement, it is clear 
that there is a critical relationship between the amount of circulation shed from
the separation points, the base pressure and the size of the formation region. 
That is, the steady flow If  (for a given obstacle) is determined by F q which in turn 
determines Cpb- The change in If due to forcing oscillations is therefore likely to 
depend on the proportional change in F q. Consider the example of the flat plate in 
which with increasing amplitude of oscillation, higher peak suction was induced 
at a slightly higher reduced velocity. Flow visualisation has shown that for this 
case the asymmetric arrangement of vortices predominates, irrespective of the 
value of the reduced velocity at which the fully locked condition is induced. 
Under these conditions we may assume the unsteady velocity at the separation 
points u’ to be a function of the amplitude of the forcing oscillations, alone. Let ÔT 
equal the change in shed circulation (during the formation of a vortex) due to u’, 
so that
ô l^u '2  /2n = f(A u 2 /N ),
where n=N/2 and Au (=a.Uo), the amplitude of forcing oscillations. Thus from ôCpb 
a  ôlf a  ôF/Fo, and using 6.1, we obtain:
(k^ -k o ^ ) =  f[(A u 2 /N )/F o ] ,
where k^ = l-C p b  and subscript 'o' refers to steady flow conditions, kg is virtually 
invariant with Uj-, therefore,
ÔCpb = k 2 - k o 2 = f ( ^ : ^ )    6.2
=f(a^.ng /N ).
I l l
Figure 6.14 shows ôCpbmax/Cpbo for the flat plate and the triangular body plotted 
against ( a ^ .n g /N ) .  Note that the data has been collected from various 
experimental runs, hence the scatter. Nonetheless, trends are sufficiently 
defined to make certain observations. Firstly, it is notable that for the triangular 
body Cpbmax rises to a peak value (of approximately 180% of Cpbo) occuring with 
a^.ng /N  close to zero. This initial rise is followed by an exponential decay with 
C pbm ax settling around 140% of Cpb g as a^.ng/N is increased to large values. In 
contrast the maximum base suction for the flat plate seems to approach the latter 
state without the initial large increase. Visualisation on the triangular body was 
not carried out but Davies (1975) reported on a similar body (with b/d=l) and his 
results show that vortices for this case (as mentioned in 5.1) form close to the 
base, with a significantly reduced base cavity (hence the large C pbo)- It is 
possible therefore that with small dr, as the curvature of the shear layers is 
slightly increased, the base cavity is just filled i.e. produces the critical high drag 
ratio. Then further increases in the curvature of the layers (with increasing dr) 
promotes shear layer interaction with the rear surfaces. Based on the results of 
the flat plate we may also expect that with further increases in dr the wake 
eventually degenerates into the asymmetric configuration. It  is therefore also 
likely that the final value of Cpbmax is approached as b-* 0. The example of the flat 
plate shown in figure 6.6 for which b is nearly zero (N=1.8ng, 2e=0.19; 2 a = 0 .3 8 )  
falls within the latter portion of the curve (since for this case oc^.ng/N=0.02).
6.3 The Synchronous Range
The threshold oscillation amplitude required to induce lock-in is dependent on the
shape of the bluff body and on the frequency ratio N/ug, and is influenced by
turbulence and marginally by blockage ratio. Figure 6.15 shows the critical 
amplitude ratio for lock-in to N/2 measured in smooth flow for the four bluff 
bodies considered in the present series (with d/H=0.167). Also included are the 
results for the circular cylinder from figure 1.1b (for Rg>300). Vortex shedding 
frequency is synchronised in the regions above the curves. The threshold values 
were established individually for each point by selecting a reduced velocity and 
adjusting the amplitude of oscillation until the frequency of vortex shedding was 
just synchronised. This was determined from velocity spectra which were 
averaged on-line. The effects of turbulence and blockage are subsequently 
shown, but here, in terms of the range of lock-in, the circular cylinder fairs the 
worst, and the flat plate fairs the best. In the regime closest to the resonant point,
lock-in is induced in all cases with e of about ±0 .02.
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As the test conditions for the present experiments were the same (Reynolds 
number, free-stream turbulence, blockage, aspect ratio, and the form and quality 
of the periodic flow), the difference in the range of lock-in and orientation about 
the resonant point must be considered to arise from the influences of afterbody 
shapes. Similar differences occur in cross-flow synchronisation, but so far no 
clear trends have emerged (see Bearman, 1984). Figure 6.15 shows that the lock- 
in curves for the triangular and the Tee-shape bodies correspond closely through 
out the frequency range, and in the regime N/no<2 follow closely the curve for 
the circular cylinder. The difference between the various curves in the regime 
N /n o> 2  is significant but not large. Table 6.1 (below) compares the ranges for 
2e=0.12.
Range of Look-in 
about N/no=2.Cross-Section
90 -  102 ^
9 0 - 1 1 9
7 5 - 1 1 9
7 2 - 1 0 6
7 5 - 1 0 6
Table 6.1. Range of Look-in in smooth flow, 
2e=0.12.
In chapter one, on the review of the results for circular cylinders (presented in 
figure 1.1), it was commented that the range of lock-in for N/no>2 would appear to 
be restricted by the extent of the afterbody. This is partly borne out by the 
present results; note that the range of lock-in for the Tee-shape and triangular 
bodies (with b=d) is smaller than in the cases of the rectangular body and the 
circular cylinder (where b=0.67d, assuming separation for the circular cylinder 
occurs at 80° from the stagnation point). However, for the flat plate we see an 
opposite effect; absence of a significant afterbody in this case (where b=0.15d) has 
resulted in a reduction in the lock-in range in the regime N/no>2. The notion that 
lock-in in this regime is likely to be constrained by the extent of the afterbody is 
based on the fact that synchronisation here raises the frequency of vortex 
shedding above no, so that the time to vortex formation is reduced. I f  it were 
supposed that the near wake convection velocity remains unchanged in the early 
regime of lock-in, then the body w ill ultimately lim it the reduction in the
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formation length necessary for time to formation to fall. The assumption that the 
near wake convection velocity is unaffected in this regime of the flow is 
consistent with the trends of the base pressure which show that, as lock-in is 
approached, Cpb^Cpbo-
The foregoing outlines a possible way in which the afterbody could lim it the 
range of synchronisation once it is induced, and is only applicable to the regime 
N /no>2. However, the mechanisms that cause the initial instability that lead to 
synchronisation are not clear. Traditionally the control of the frequency of 
vortex shedding by external oscillations has been considered as a purely 
hydrodynamic phenomenon. But more recent work (e.g. Ongoren &  Rockwell, 
1988a) shows that certain aspect o f the flow display a strong resonant-type 
response. For example, it is now clear that the departure of n/no from unity 
follows specific integral ratios of n/N, not only in the vicinity of classical 
regimes of lock-in (i.e. Ur=l/2S etc.), but rather over a wide range of frequency 
excitations N/no; see figures 5.42 & 5.43. It would seem therefore legitimate also to 
consider parameters that may influence frequency coupling through resonance. 
In this respect energy and frequency proximity of the excitation and the natural 
wake fluctuations would play a major role in determining the moment of 
synchronisation; weaker wake vortices would require a closer frequency 
proximity for lock-in to be induced and vice versa. Conceivably it is in this way 
that lock-in for the flat plate does not occur until the excitation frequency is close 
to twice the Strouhal frequency. That is to say, synchronisation w ill only occur 
provided the resonance gap is closed and the body geometry w ill allow the 
necessary changes in the formation length to take place. The differences 
between the ranges of lock-in for N/no>2 and N/no<2 could arise in part from 
differences in vortex arrangements. Unlike resonance in mechanical systems 
where often both energy sources are constrained in the frequency domain, here 
the state of the wake continuously changes with Up. From this point of view the 
synchronous range w ill depend on the relative stability of the prevalent vortex 
arrangem en t.
6 .4  Effects of Solid Blockage & Aspect Ratio on 
The Synchronous Range
In comparison to the effects of bluff body shape, the influence of solid blockage 
on the range of synchronisation were found to be only marginal and those due to 
aspect ratio are virtually negligible, as shown in figure 6.16. The figure shows
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the critical lock-in amplitude for the 50mm and 100mm triangular bodies 
(d/H=0.08 and 0.17, respectively) and for aspect ratios of 2 and 14 (in the case of 
d/H=0.08), Both parameters were found to influence steady flow results (as 
discussed in chapter 5), but primarily aspect ratios of greater that about 1,5 had
no effect on the Strouhal number (figure 5.16), indicating that the formation 
length over this regime remains unchanged. Nonetheless it was anticipated that 
the increase in vortex strength with decreasing 1/d (due to improved spanwise 
correlation) might influence the synchronous range. This is not the case and it 
must be concluded that provided the formation length is not effected, variations
in the Strouhal amplitude w ill have no effect on the range of synchronisation. In  
view of this the results of Tanida et. al. (1973) for a circular cylinder subjected to 
inline oscillations at Re=80 and 4000 (e=0,14, figure 1.3) must be interpreted rather 
carefully. The results have already been referred to in chapter one with
reference to orientation of the synchronous range about the resonant velocity 
(being not only a function of bluff body shape, as is generally assumed). Here we 
may further suppose that the difference in these two cases in the synchronous 
range for N/no <2 » which is more than twofold, is produced purely from
differences in the free wake conditions. A t the lower Re (o f the Karman range)
the formation length is significantly smaller than that in the sub critical 
Reynolds number regime (figure 1.2). Although weaker vortices are formed in
the latter, it seems that the increase in the range of synchronisation in this case 
is due to an increased formation length. This would also be consistent with solid 
blockage trends which show that with increasing d/H the synchronous range in 
the regime N/uo<2 is increased (see also figure 6.17), Note that steady flow results 
for the triangular body have indicated that the formation length is increased 
with increasing d/H, such that the base pressure at d/H=0.33 is no lower than that 
for the flat plate which is known to have a significantly larger separated region 
(see 5.1, figure 5.22). This is to say, the size of the base cavity is effected by 
blockage and the critical b/d (high drag) ratio is therefore dependent on the
blockage ratio. The synchronous range for the rectangular body (b=0.67d) is 
seen to be similarly effected (as shown in figure 6.16), but note that the figure 
compares present results (d /H =0 .17) with Mottram’s (1986) measurements (in
pulsating pipe flow) where additionally shear and turbulence could have 
influenced the range (but see below).
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6 .5  Effects of Turbulence on The Synchronous Range
Figure 6.18 shows the effects of added free-stream turbulence on the synchronous 
range of the triangular body for u'/U of between 5 and 15 percent and a range of 
length scale (Lx) of between 0.17d and 0.6d. In the steady flow, the Strouhal 
number and base suction were initially reduced as turbulence intensity was 
increased, reaching lowest values when uVU was between 7-8 percent. Further 
increases in u'/U (in that case) resulted in a recovery of both the Strouhal 
number and the base pressure coefficient towards the smooth flow value; with 
u'/U=15%, both parameters deviated only slightly from the smooth flow values (as 
shown in figure 5.24). Note in particular that minimum base pressure (and 
Strouhal number) for both the 50mm and the 100mm bodies occur around u'/U=8 
percent, despite the difference in Lx/d. In the oscillatory flow the largest effects 
of turbulence on the synchronous range were also found to occur when u'/U was 
around 8% (figure 6.18b). But, unlike in the case of the free-wake, here the scale 
of turbulence has a significant effect. This is illustrated in figure 6.18a which 
shows the synchronous range for the 50mm and 100mm bodies with the 
turbulence grid positioned at a fixed distance from the test position.
The results indicate two distinct regimes in which u'/U has an opposite effect on 
the synchronous range: for intensities of up to around 8%, the range is increased
but further increases in u'/U results in reduction of the range towards the smooth 
flow curve. In both of these regimes the synchronous range is increased with
increasing Lx/d, and on the whole the effects are limited to the flow regime 
N > 2n o ; for N<2no the various curves closely follow the respective smooth flow 
curves. The slight differences in the curves for the 50mm and 100mm bodies in 
this latter regime are due mainly to blockage effects (see figure 6.15).
For rectangular bodies (of varying b/d ratio), the length scale of turbulence (of
the order of up to 5d and above) has been found to have no effect on the mean
characteristics of the free-wake flow (see, for example, Courchesne &  Laneville, 
1982). The present results (for the triangular body) are inconclusive in this 
respect (as discussed in 5.1); mainly because for a given u’/U, Lx was varied by 
using a different size body which therefore also changed the blockage. However, 
we may presume that when Lx is large, so that there is much energy at 
frequencies much less than the frequency of vortex shedding, then the main 
effect of this low-frequency turbulence is to modulate the wind tunnel speed and 
hence the frequency of vortex shedding. The Strouhal spectral component is thus 
spread over an increased frequency band-width; the mean peak energy is
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decreased but energy at frequencies close to the mean frequency is increased. In
oscillatory flow, frequency modulation of this sort could allow earlier coupling 
between the Strouhal and the free-stream fluctuations, and therefore produce the
increase in the range of synchronisation (as shown in figure 6.18a). This is to
say, with increasing frequency modulation, the resonant point is shifted to lower 
reduced velocities (in comparison to the smooth flow value). The shift in the
resonant velocity is notable in figure 6.18 where the minimum lock-in threshold 
amplitude is seen no longer to occur at N=2no. These results therefore do not
contradict the idea that the afterbody constrains the range of synchronisation in
the regime N/no>2 (as suggested in 6.3).
The behaviour of the Strouhal number with u’/U of figure 5.24 has a striking 
similarity to the effects of varying the length of a short splitter plate attached to a 
circular cylinder as shown in figure 6.19a. Gerrard (1966), from whom figure
6.19a is reproduced, used this example to illustrate the importance of the flow in 
the interior of the formation region in determining the frequency of vortex 
shedding. The figure shows that as the length of the splitter plate is increased up 
to (or even beyond) the length of the formation region (1/dm 1), the Strouhal 
number is decreased. Further increases in the length of the plate (up to 2d) 
results in recovery of the Strouhal number towards the value of the free-wake. 
In the present case, turbulence has produced a similar response but via the 
spreading of the shear layers under the action of turbulent diffusion (as was
partly described in 5.1). The changes in the synchronous range with u’/U  
presumably arise as a result of variations in the size of the formation region. This 
we know from the examples of Reynolds number effects (on the circular 
cylinder) and blockage effects (on the triangular body) has a direct influence on 
the synchronous range (as shown in figures 1.3 & 6.17, respectively). It is 
interesting to consider possible mechanisms by which increasing u’/U above the 
critical level the formation length is reduced. Although the critical value of u’/U  
of around 8% is particular to the present triangular body, similar characteristics
are noted to occur with rectangular bodies (when b/d<0.6), as shown in figure 
6.18b, and the phenomenon would seem to encompass a wide range of situations.
In the present case it is concluded that the evolving shear layers, as they spread 
with increasing u’/U, are ultimately brought close to the rear surface of the body
(and during part of the shedding cycle may even contact). The often repeated 
example of the critical rectangular section is once again seen to be an excellent 
illustration of the same effect as b/d is increased up to the critical ratio. However, 
unlike for the rectangular body where further increases in the ratio b/d results
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in the rear comers impeding the path of the shear layers, here it is thought that
the inclined surfaces of the triangular body are more able gradually to 
accommodate the thickening shear layers. (Note that over a substantial distance 
from the separation points, the intensity of the shear layer fluctuations grow
exponentially). Conceivably therefore, for the triangular body, increasing u'/U  
beyond the critical value results in a reduced base cavity; less return flow is 
entrained into the evolving layers. It is suggested that this is the mechanism of 
recovery of vortex strength (and therefore shear layer curvature and reduced
formation length) with increasing uVU beyond the critical level. A  similar
explanation is offered for the effects of a splitter plate of figure 6.19a.
The effects of the intensity of turbulence are therefore expected to vary from one 
bluff body shape to another. For example, figure 6.19b (due to Courchesne &  
Laneville, 1982) shows that for rectangular bodies the variation of the drag 
coefficient with intensity of turbulence decreases with decreasing b/d; for 
b/d=0.31, the drag coefficient varies by less than 5 percent when u'/U (= I in the 
figure) is increased between 2-14 percent. This suggests that the variations in
the size of the formation region are small. One therefore anticipates that 
turbulence in this case would hardly have an effect on the synchronous range. 
Indeed for b/d less than the critical ratio, the drag coefficient is initially  
increased (i.e. vortices form closer to the base), in which case it is expected that
the synchronous range in these regimes w ill be lower than in smooth flow cases.
Note that the initial rise of the drag coefficient with increasing u'/U is 
interpreted to occur as a result of thicker shear layers reducing the gap between 
the paths of the shear layers and the rear comers. That is, the behaviour of the 
critical (high drag) section produced with the diffused layers on a section with 
b/d less than the smooth flow critical ratio. However, it is not clear whether the 
authors of the reference paper would agree w ith  this interpretation. 
Nonetheless, in terms of the influence of turbulence on the synchronous range,
the critical rectangular section w ill frir the worst and the flat plate w ill M r  the
best.
6.6. The Vortex Flowmeter
The general application of a vortex flowmeter is perhaps nowhere more 
undermined than in the existence in many industrial situations of flow pulsations 
capable of interfering with the frequency of vortex shedding. Whilst flow 
pulsations of significant amplitude affect the accuracy of both pressure
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differential and turbine flowmeters, these errors are due to the non-linear nature 
of the device and/or inability of the device or of a secondary system to respond 
instantaneously to such pulsations. The vortex flowmeter on the other hand
relies on the vortex shedding frequency being a function of the pipe volumetric&"■flow rate. The process of vortex shedding is effected by flow pulsations for all Ur /  
below about 1/S. In this regime there is no reason to suppose that there is a 
threshold amplitude below which vortex shedding is not effected. Whether or not 
therefore a particular vortex flowmeter may indicate the correct volume flow rate
in the presence of pulsations depends on the ratio of the Strouhal numbers at the 
forcing and self exited frequencies, N/no.
Manifestly the largest errors w ill arise from the phenomenon of frequency lock- 
in. For inline oscillations (i.e. flow pulsations of the form generated by any
positive-displacement equipment; pumps or compressors, or induced from  
vibrating pipework, valves or regulators, or that generated by vortex shedding 
from obstructions in the pipeline), the regime most sensitive to frequency lock- 
in is that around N=2no. In this regime an amplitude of velocity fluctuations
(u’/U) of the order of 0.05 is sufficient to induce frequency lock-in. The range of 
lock-in (as shown in figure 6.15) increases with increasing amplitude but is 
strongly dependent on the shape of the bluff body. Typically, for a triangular 
body (of the form of EASTEC design or the tee-shape design of FOXBORO, figure 4.1), 
the range of lock-in (with N /2) spans 63 and 115 percent of the resonant point
(N = 2 n o ) when u’/U is of the order of 0.15 (figure 5.45). This would represent a 
direct and a large error in the volumetric flow rate measured. In contrast, u’/U of 
the order of 0.2 would only produce errors of about +2 percent in an orifice plate 
flowmeter (Mottram, 1986). Clearly under these conditions a vortex flowmeter
cannot be confidently deployed. The lock-in range at the higher and lower 
resonant velocities (N=no and 4no, respectively) is reduced but is nonetheless 
substantial; for typical values see figures 5.26 & 5.32.
In addition to classical lock-in, vortex shedding can switch to the symmetrical 
arrangement (in which n locks to the frequency of the oscillations), and where 
lock-in is not induced, there is a continuous mode competition. Also (as discussed 
in 6.2) certain bluff bodies (including the rectangular and the Tee-shape bodies)
are susceptible to loss of signal strength in the entire frequency range N>2no.
It is difficult to conceive a simple design, with no moving parts, in which
interaction between vortex shedding and stream pulsations can be avoided.
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However, the popular triangular and Tee-shape bodies are the most sensitive to 
the effects of pulsations and produce the largest lock-in ranges. Indeed the use of 
splitter plates to enhance vortex shedding is undesirable from lock-in point of 
view, since this increases the size of the formation region. For these cases, 
turbulence and blockage effects w ill compound the splitter plate effects and 
increase the size of the formation region (and therefore lock-in range) even 
further. The present results suggests that the best shape may very well approach 
that of a thick flat plate (with b/d of between 0.3-0.4), with chamfered comers. 
The range of lock-in for this case is expected to be similar to that found for the 
present flat plate (figure 6.15), but with improved linearity (due to a slightly 
reduced base cavity). Such a body is also expected to be virtually insensitive to 
turbulence and blockage effects on the range of lock-in. Note also that, provided 
the aspect ratio (1/d) is maintained below about three, shear in the pipe flow is 
not expected to have any effect on lock-in characteristics. However, the use of a 
flat plate may not be acceptable in most cases because of reduced signal to noise 
ratio (figure 5.10). Where real time signal is known one could of course consider 
implementation of FFT algorithm to extract the periodic component through auto­
correlation function. On the whole, it seems that there is much to be gained by 
limiting the operation of the vortex flowmeter to the quasi-steady regime (N « n ) .
The concept of twin bodies (figure 6.20) is a precarious arrangement for it 
proposes to operate a vortex flowmeter under locked conditions at all times! It 
should also be noted that when two bluff bodies are separated in the stream wise 
direction, the size of the vortex formation region of the upstream body (and 
therefore the Strouhal number) can vary a great deal with Reynolds number 
(Unal &  Rockwell, 1987). This is particularly so for separation distances of the 
order of 3 to 4 diameters where the desirable large signal amplifications occur.
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U=Uo
Re=680
Figure 6.1 Normal shedding mode (with n=no).
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Figure 6.2 Normal shedding mode (with n=no).
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Figure 6.3 Normal shedding mode (with n=no) at instant of shedding of the 
lower vortex: note variation in the size of the formation region.
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Figure 6.4 Locked-in mode with n=N/2: classical shedding.
U = Uo[l  + « .S in ( 2 n N t ) ]
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Figure 6.5 Basic modes of vortex formation, 2e=0.16 (2a=0.39).
a. Fundamental mode
b. Asymmetric mode (w ith secondary formation from top layer only)
c. Asymmetric mode (w ith  secondary formation from both layers)
d. Sym m etrical mode.
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Figure 6.7 Locked-in mode with n=N/2: asymmetric formatiork.
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Figure 6.8 Locked-in mode with n=N/4: classical shedding but note significant 
concentration of secondary clouds (which occur at f=N).
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Figure 6.9 Locked-in mode with n=N; in-phase shedding (Ur< l /2S) .
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Figure 6.10 Locked-in mode with n=N: in-phase shedding (Ur> l /2S) .
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Figure 6.12. Circulation shed per cycle versus the inverse of the frequency ratio N/no.
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Figure 5.13. Correlation of fluctuating velocity versus spanvise separation : oscillatory 
flow cases as defined in a); 2a =0.25, l/d=12.
I l l
■ o x
■I
CO L O to o
too
to
CSI
C D
C D
C MO
lO
5
C D
to
C DO
I
%
o
C M
I
IIIb
C
3 f
n
II
bO'
ocjcJq ^ xeujq t^g
o
§
I
S'
k"5o
ï
f f l
5  s f  I
! lÛ. w2 . ÏI -  I -  (K
<> X  □
■\ h
CD U3 ■sr (SI T— CD (SI o
d o o o od d d d d d d d
\o(si
(si
(SI
(si
(SI
00 o
KO
(SI
SI
Io:
î
lO
\àI
P/X 'p m /n? =  @M 
'’epn^^duuv :^ueuisoB[dsi<] ieojH-*0
î
■o
rq rq r-,OD 00 kO
■O A q  q■sf W 00
♦ o X
<y O'
<SJ oo \D CVlO OO
Tf(si
(SI(si
(SI
oc
oo c  
f— o
£
(D
(SI
3»
IrL.
r
I
g
IOQ
I
I
"St
i
\0
kû
£
&
pm/n?= 3 'epn -^Hduiv ^uôuieoeids^a
0.9 N  P
= 0.8
0.7
0.6
0.5
0.5 1.5 2 2.5 3.53
a).
d/H l/d b/d 2a  
0.08 14.0 1.0 0.19 
D, 0.33 4.0 1.0 0.19
N/no
d/H l/d  b/d 2a
m, 0.17 8.0 0.67 0.29
□ , 0.29 3.5 0.67 0.32
c 0.9
0.8
0.7
0.6
0.5
0.5 1.5 2.5 3.52 3
N/no
Figure 6.17. Effect of blockage on vortex shedding frequency.
a) Triangular body : present.
b) Rectangular body : O, Mottram (1986); », present.
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Figure 6.18. Effect of turbulence on Look-in Range for the 50mm [d/H=0.03, Re=(0.5-1.0)x104] 
and 100mm [d/H=0.17, Re=(2.0-4.0)x10^] triangular bodies.
021
0-17 0 1-0 2-0
m
Figure 6.19a. Strouhal number as a function of plate length with a splitter plate 
on the wake axis. (Gerrard, 1966).
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Figure 6.19b. Effect of the intensity of turbulence on the drag coefficient of 
rectangular bodies. (Courchesne & Laneville, 1982).
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Figure 6.20. Effect of double bodies on vortex strength (Cousins, 1986).
[Note that the upstream body acts as a vortex producer and the 
downstream body as an amplifier, i.e. vortex shedding in 
oscillatory flow].
CONCLUSIONS
The major conclusions are summarised below. They are followed by a brief
discussion of possible areas for future work.
1 Vortex shedding from a bluff body exposed to a mean flow with a periodic
fluctuating component is most sensitive to the effects of the oscillations near 
the resonant reduced velocity equal to the inverse of twice the Strouhal 
number. In this regime of the flow, an amplitude of stream displacement 
[ A x / d = e = ( a / 2 j c ) .U r ]  of the order of 0.025 is sufficient to induce classical 
frequency lock-in (with n=N/2), irrespective of the geometry of the body.
2 The synchronous reduced velocity range is a function strongly dependent on
the amplitude of oscillation and the details of the afterbody shape: in the 
presence of a significant afterbody (as in the cases of the Tee-shape and the 
triangular bodies) the range of lock-in can be more than doubled from that
sustainable by blunt-based obstacles (with zero or finite afterbodies, as shown 
in figure 6.15).
3 The synchronous range is further influenced by turbulence, is marginally 
affected by solid blockage and, in the Reynolds number regime below the 
subcritical range, varies with Reynolds number; (figures 1,3, 6.16 &  6.18). 
Bluff body aspect ratio has little effect on the range of synchronisation (save 
possibly for smallest 1/d values, typically l/d<2, but dependent on Re).
4 Free-stream oscillations interfere with vortex shedding in the entire range of 
reduced velocity regime below the upper resonant velocity U r=l/S . The nature 
of the interference arises from the coexistence, at the separation points, of the 
convected perturbations and upstream propagated wake disturbances, which 
interact and modify i) the input vorticity and ii) the near wake instability. 
The combination of symmetrical (or inline) forcing excitation with the
antisymmetrical wake disturbances produces a rich array of admissible modes 
of vortex shedding which coexist with one another (at varying degrees) and 
compete for prominence. The preferred mode of vortex shedding depends on 
the frequency ratio N/no and the amplitude of oscillation (a ) :  the
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antisymmetrical arrangements (figure 6.5) predominate in the classical lock- 
in regimes whereas the symmetrical arrangement is most readily induced in 
the adjacent regimes (in which the Strouhal frequency is highly modulated). 
For obstacles with significant afterbodies, in-phase shedding is more stable in 
the regime N/no>2.
5 The application of the vortex flowmeter in the regime in which vortex 
shedding is sensitive to flow oscillations (i.e. Ur<l/S) is undermined in two 
major ways. Firstly, frequency synchronisation results in an unacceptable 
error in the indicated flow rate for most cases. Secondly, even where 
synchronisation does not occur, there is a continuous mode competition which 
can greatly reduce the strength of the signal (figure 1,5). Whilst neither 
synchronisation nor mode competition can be completely avoided when the 
amplitude of the periodic disturbance is sufficiently large, the range of 
synchronisation can be significantly reduced and loss of signal strength 
avoided by careful design of the shape of the afterbody. In  this respect the 
flat plate fairs the best.
6 As in the case of lateral oscillations of b luff bodies, synchronisation is
accompanied by enhanced vortex shedding and significant improvement in 
the spanwise correlation, with corresponding changes in the base pressure 
which reflect the near wake vortex arrangement. The behaviour of the base 
pressure is directly linked to the size of the formation region and exhibits base 
cavity characteristics in a similar fashion to steady flow cases. Save at the 
resonant velocity, enhanced vortex shedding may well result in a reduced base 
suction, depending on whether or not the body can accommodate increased 
shear layer curvature without interfering with the path of the layers. The
rectangular body produced the least increase in base suction (approximately 
18% higher than the steady flow value, figure 5.50). Much of this can be
accounted through improved spanwise correlation. Equally, in the case of the 
triangular body, smallest amplitudes of oscillations (just sufficient to produce 
shear layer curvature that precisely fills the base cavity) produced the largest 
increases in base suction (some 80% higher than the steady flow value, figure 
6.14).
7 The asymmetric arrangement of vortices (when induced) produces a limiting
condition for maximum increase in base suction (to about 140% of the steady 
flow value), irrespective of amplitude of oscillation (figure 6.14). Moreover,
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the increase is not due to additional vorticity input by the oscillations 
(directly), but that it arises as a consequence of the accompanying reduced 
lateral spacing of vortices (figure 6.6); the condition b=0 produces the 
asymptotic pressure value. The existence of the asymmetric formation of 
vortices (leading to subsequent cross-wake pairing) requires that maximum 
base suction during synchronisation is induced at a reduced velocity value 
other than at the resonant points, where the formation is predominant.
8 No consistent differences in the behaviour of the base pressure (or frequency 
of vortex shedding) was observed where measurements were repeated at both 
increasing and decreasing wind tunnel speed: -i.e. there seem to be no
hysteresis effects in any of these cases.
F u tu re  W o rk
Despite the enormous volume of literature (and clearly an untold amount of 
effort) that has been devoted to the subject, there are still a number of areas that 
deserve considerable attention. The enhancement of vortex shedding near Up= 1 / S 
when the excitation is purely symmetrical (figure 5.40), and the resonant-type 
locking-on of vortex shedding frequency to other than the classical resonant 
ratios of N/no (figures 5.42 & 5.43) are particularly interesting features of the 
results. Both these features (also confirmed by others) suggest a strong 
downstream vortex-to-vortex interaction (as defined in Ongoren & Rockwell, 
1988) which effects conditions in the vicinity of the obstacle. To further an 
understanding of the influence of downstream wake dynamics on vortex 
shedding, characterisation of the conditions at the separation points is needed.
This would help define the extent and nature of perturbations propagated from 
the downstream region of the wake and aid to classify more accurately the 
development of the near wake in the presence of oscillations. The proposed work 
would entail the use of LDA or pulsed-wire in order to penetrate the highly 
turbulent, reversing flow region at the base of the body and should include
descriptions of the distribution of the total power as well as phase relationship 
between the forcing oscillations and interaction components.
Secondly, the present measurements of the effects of turbulence and solid 
blockage on the response characteristics are limited to the triangular body. Both
of these parameters (as pointed out above) have significant influence on the
range of synchronisation but, in the light of the results, it is expected that the
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effects w ill depend strongly on the geometry of the body: on the whole the
results indicate that the range of synchronisation is closely related to the size of 
the formation region; increasing If  increases the range of lock-in. Similar 
variations are expected from splitter plate effects (Gerrard, 1966) and perforated 
plates (Castro, 1971). A more systematic investigation is needed to establish firmly 
the relationship between the size of the formation region and the synchronous 
range. The size of the formation region should preferably be varied/controlled 
using the well understood splitter plate effects. Additional measurements of the 
influence of turbulence and solid blockage on the range of synchronisation for 
other bluff body shapes would directly benefit the user (and designer) of the 
vortex flowmeter.
The importance of studying a variety of obstacle shapes cannot be over­
emphasised as the present results only too clearly show the diversity of response 
that exists.
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APPENDIX A 
CED CONTROL INSTRUMENTATION
A .l  Introduction
The LabVIEW CED control Vis constitute two main groups: firstly, instruments for 
setting up of the signal conditioning unit CED-1703 and secondly instruments for 
driving CED-1401 from the Macintosh computer using the LabVIEW software. This 
documentation briefly describes the component Vis which were used to configure 
and control the Interface. The software was written before the release of 
LabVIEW  2 and although it has in part been modified during the period of 
application, the modifications were on the whole limited to compatibility 
requirements for upgrading to the newer version of LabVIEW . Table A1 
summarises the main instruments. The front panels of selected instruments (and 
in some cases block diagrams) are shown in figures A1-A4. A brief description of 
the operation of each instrument is given below.
In s tru m en t Purpose
1401 CommandLoad
1401Clckdiv
1401DACS
1401esc
G P lB -r/w
1703Configure
17031nit
Loads non-resident commands 
Computes pre & count clock divide down 
Sets 1401 DACs to specified voltage outputs 
Transmits ESCape commands 
Establishes communication with the GPIB 
Sets 1703 offsets, gains and comer frequency 
Opens and initialises 1703
Table A1 Summary of CED Control Instrumentation.
A.2. 1401 Control V is
The 1401 is an intelligent analogue interface designed for use with almost any 
computer system. Here the CED IEEE interface box is used to translate the parallel 
interface of the 1401 to the GIPB computer interface (figure 4.10). The IEEE box 
also has built in intelligence, directable from the host computer by sending 
’ESCape' sequences, which enables it to format data and generally allows the host
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computer to drive the 1401 at a higher level. An ESCape sequence consists of the 
ESC character (ASCII 27) followed by a sequence of characters and terminated by 
Carriage Return (ASCII 13). A listing of available ESCape commands is given in 
the CED interface manual. The 1401Esc V I (shown in figure A la ) configures and 
transmits an ESCape sequence from an input command (consisting of a single 
hexadecimal character) and returns the interface response and/or a serial poll. 
The instrument was used mainly as a sub V I to format the the interface for block 
transfers (required to perform TOHOST, TO 1401 and CLOAD commands) but it can be 
used independently to 'Reset' 1401, get status of the interface and perform other 
protocols (see manual).
A ll transactions between the host and the 1401 are initiated by the host. To use 
the 1401, the programme running on the host computer must send a command to 
the 1401. Some command code is built in and can be invoked without any special 
programming but most has to be re-loaded form the host at each power up. The 
CLIST command (which can be transmitted using the GPIB Read/Write V I, figure 
A lb ) reads and reports commands currently in the 1401; built in commands are 
listed along with loaded commands, with no distinction. As a general rule, it 
should be assumed that all commands need loading. A library of the non-resident 
commands (compiled from the CED original disk) is accessed and downloaded using 
the CommandLoad V I (figure A le). The various files (stored in 1401COMDS folder) 
contain the command code (in binary format) and the necessary CLOAD command 
parameters (tagged at the beginning of each file) which specifies the size of the 
code (in bytes). The parameters are used to prepare the interface for receipt of 
the code which is transfered in a single block. Each execution of the 
CommandLoad V I reads, configures and downloads the code of the selected 
command (taking care of the protocols) and reports serial polls, both at the 
beginning and at the end. A successful execution must return zero polls. The 
files have been given their proper CED command names.
The data acquisition Vis (written for sampling of one, two and three ADC  
channels) use the ADCMEM/ADCBST waveform capture commands. 140Iclckdiv 
(figures A2) computes optimum 'pre' and 'count' command variants (from the 
sampling rate specified by the user). The product pre * count sets the divide down 
of the 1401 clocks. The instrument is used in the sampling routines to isolate the 
user from the need to specify the variants as certain divide down are not 
acceptable (see 1401 programmer's handbook). 1401 chanSelect (figure A3) is used 
globally (in the various instruments) to specify the interface channels to be
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interrogated from logical states of front panel ’channel-selection’ switches. The 
V I converts the logical true or false of each switch and outputs a numeric vector 
containing the activated channel numbers (in ascending order) and the 
command word specifying the ADC channels to be sampled (which is an input to 
the CED sample routines). The numeric vector of the specified channel(s) is used 
to tag information pertaining to each selected channel (e.g. calibration and 
conversion table values).
A 3. 1703 C onfiguration V is
The 1703 houses a differential amplifier as well as the standard programmable 
gain and filter units. The unit provides four differential channels of individually
controlled gain settings and a common comer frequency low pass filter. Figure
A4 shows the main Vis for initialisation and configuration of the unit. 1703Init 
(figure A4a) initialises the 1703, sets the comer frequency to 25kHz and the gains 
of each channel to unity. This instrument is equivalent to the CED procedure 
'Openl703' and must be run first (on power up) before using any other 1703
routines. The V I also sets 1401 DACs (which are used to provide the non-inverting 
inputs) to zero, and, updates table values specifying the programmed off-set 
voltage, gain and comer frequency. Note that communication with the 1703 is via 
the 1401 (both units must therefore be powered up to interrogate the 1703). 
1703CornerFreq and 1703scale (figures A4c &  d) configures and transmit the 
necessary commands to set the corner frequency and differential gains. The 
corner frequency can be set between 2 and lOkHz and the gains (which are
specified for each channel) may be set to either 1, 3, 10, 30, 300, or 1000.
The various 1703 instruments are integrated in one main V I (1703Configuration) 
which in addition incorporates routines for setting up the non-inverting 
voltages, display of waveform and update o f tabulated information. 
1703Configuration must be run at least once prior to execution of any of the data 
acquisition packages (in order to update reference values for data conversion). 
The integrated package includes a reset option which reconfigures the Interface 
to values previous to initialisation (figure A4b). This option facilitates the 
retrieval of, say, yesterday's set values following initialisation on power up.
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APPENDIX B
LabVIEW HOT WIRE CALIBRATION & MEASUREMENT 
INSTRUMENTS
B .l  H ot-w ire C alibration Instrum ents
Four main Vis were written for hot-wire calibration. These are listed in table B l. 
The S-HWcal and T-HWcal Vis, for calibration of a single hot-wire and two single 
hot-wires respectively, are the data acquisition routines containing the CED 
sample and Interface Control Vis. In these two cases, for calibration of one and
two wires, it was desirable to have separate routines (and similarly in the
measurements routines) so that the Vis could be tailored (in array sizes etc.) to the
number of ADC channels to be sampled; the possible permutation here was not
large. Two and three ADC channels are sampled respectively with the excess 
channel being the manometer channel. Hot-wire(s) and manometer data is 
logged through the front panel which, for calibration purposes, remains the most 
convenient approach as 'bad' points can readily be eliminated.
In s tru m en t Purpose
S-HWcal
S-HWFit
T-HWcal
T-HWFit
Collects single wire calibration data 
Performs Least Square Fit on single wire data 
Collects calibration data from two single wires 
Performs Least Square Fit on two wire data
Table B l. Hot-Wire Calibration Instruments.
The corresponding S-HWFit and T-HW Fit Vis perform least square fits on &  U q^ 
(using E^==Eo^+bUo*^) and return the calibration constants, Eq  ^ &  b, and the mean 
square error (mse) of the fit(s). Curve fitting routines have been kept separate 
from calibration measurement routines as 'Data Base Access’ is used in the former 
and cannot therefore be integrated within the data-source Vis. However, it would 
be more efficient to place both of these routines (as sub-Vls, with 'break-points') 
in a controlling main V I with an optional cal/Fit switch. Front panels and block 
diagrams for the two hot wire Vis are shown in figures B l &  B2 respectively. 
These are described below; letters identify the various elements in the figures. 
The programme structure of the single wire routines is similar.
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D a t a  C o l l e c t i o n  V I
The T-HWcal V I collects and performs on-line averaging of micromanometer and 
anemometer voltages to determine the mean values. Waveforms are sampled at a 
fixed rate fg (specified by the user, input *a* in figure Bla). Time average values 
are computed from continuous blocks of data each containing ny sample points 
(returned from the ADC channels). Output 'b', in the front panel, gives ensemble 
averages of the anemometer voltages and manometer velocity, so that:
. nb- 1
E i ,2
i=0
t nb- 1 
Uo =avj[—  2 U i) ln d .
1=0
where the relationship between U i and the manometer voltage is defined in the
front panel (input ’d', figure Bla). The V I, therefore, allows averaging over large
number of samples, limited only by nd, the number of blocks In order that low
frequency components are adequately averaged it is important to ensure that the 
sample length of each block (T=nb/fs) is sufficiently long to be representative. 
Averaged anemometer voltages Ei^2 and velocity U q are assigned to the ’connector 
pane’ .
The sample V I (ADCM EM ) in frame-1 (figure Blc, labeled ’s’) returns vectors of 
input analogue voltages Ei. The conversion Eo~*’ E io f  the conditioned sampled 
voltages to input analogue voltage is performed within the sample V I. The first 
400 sample points of a selected channel (e) are normalised to zero mean, and unit 
standard deviation and displayed in the front panel. The display is refreshed at 
each return of a block of data and pictorially shows if  there are any under and/or 
over flows, (f) shows the mean value Ei of the displayed channel and (g) shows
the current averaging block of data.
1703-Range V I (figure B ib , labeled ’t’) in the ’case structure' when activated 
(switch ’h’) examines the current mean output voltage Eq from the CED-1703 and if  
necessary readjusts the offset voltage to 1703 (i.e 1401 DACs) to maintain Eq 
(displayed in ’i’) to within ± of Eg, where Eg is set (and logged to reference table)
during configuration of 1703. In this way a maximum gain on the fluctuating 
voltage e’ can be selected based only on consideration that S. |Eg+e’| w ill not
exceed the CED-1401 ±5v range at the top tunnel speed, where S is the amplifier
137
gain. Note that the V I is located at the front end of the sample routine and 
therefore the interface setting is not altered during any one complete averaging 
cycle, and it can remain switched off at all times (via switch 'h'). Note also that 
neither the amplifier gains nor the filter corner frequency is altered from the 
original setting established using 1703 Configuration V I.
Through the optional front panel switch 'meas* (figure B la ), hot-wire voltages 
are linearised (using the current calibration constants) and are compared with 
the manometer reading. This facility allows a quick check on the current 
calibration. Interfacing the traverse controls to the calibration packages could 
be another useful addition in certain measurement set-ups.
Data Fit VI_
The T-HW Fit performs a linear least square fit (between &  U q^) to the data 
logged in the T-HWCal and returns hot-wire calibration constants, Eq  ^ &  b, via:
E2=Eo2+bUo“,
where the exponent 'n' is specified in the front panel (figure B2a). Switch 'b* 
gives the option of correcting the velocity for calibration of both or one of the 
two hot wires to Uc=c.Uo, where U q is the actual manometer velocity measured and 
*c' is a constant. This provision may be used where hot-wires are located at a 
distance from the Pitot tube position. To implement the facility does of course 
require knowledge of the relative behaviour of the velocity in the two planes. 
The option may be eliminated entirely or left in its default value of no correction. 
The computed calibration constants and the mean square value of the Fit are 
tabulated in (c), shown as current values. The calibration curves and data points 
are also displayed. The current calibration is saved (for use in measurement 
routines) when optional ’save' key (d) is activated. Until the save key is activated, 
table values (shown in ’e’) remain in file. That is, a calibration is not 
automatically saved, to allow the user the option of eliminating or repeating a 
calibration. The form of the table is such that the channel numbers are displayed 
in the first column which is used as a tag (here, and in other routines) to retrieve 
the calibration constants. Also each time a calibration is saved, the tabulated 
values (i.e. Eq^, b, mse) with the time and date of the calibration are appended to a 
Hot-wire History File. Use for this data has yet to be found, but at the time the 
routine was written it seemed a log of all time calibration may become useful.
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The mean square error, mse J Lnb
nb- 1
V (z i -y i )^ ,  where z represents least square
A
values and y the measured values, is used to indicate the goodness of the fit. For 
typical calibration, say, with Eo^=8, b=4 & n=0.45, mse value of 0.001 corresponds to 
velocity deviations of less than ±0.6% when Uo=10m/s.
B.2 M easurem ent V is
These comprise routines for velocity and/or pressure measurements of the mean 
and mean square values, and computation of spectral and correlation functions 
from one and two single hot-wires. Table B2 summarises the main velocity 
measurement instruments which are described below. The instruments were 
either used independently to collect data and compute the various functions or as 
subVIs nested in integrated packages incorporating routines for data reduction 
and traverse control.
Single Wire [U+u’]v i Measures the mean and mean square values of U
[u-spectrum ] Measures U and computes u-spectrum (on-line)
[A u to -corr]v i Measures U and computes the autocorrelation
Two Wires [U+u’]v i Measures the mean and mean square values of U
[u-spec tra]vi Measures U and computes u-spectra (on-line)
[u -xco rr]v i Measures U and computes the x-correlation function
u -x c o rr Integrates lu-xcorrlvi with data handling routines.
Table B2. Summary of main velocity measurement Vis.
V elocity  M easurem ent V is
The [U+u’j Vis sample specified CED channel(s) and compute the mean and mean 
square values of the free stream velocity. The programme structure for the 
single and two wire Vis is similar (save that multi-channel sampling routine is 
used in the latter). Here, as an example, the single wire routine which is shown 
in figure B3 is described. The V I computes the mean values from n^ blocks of data 
each containing nb sample points which are collected, in turn, by the capture 
routine (A D C M EM  in figure B3b). The instantaneous anemometer voltages
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returned by the capture V I are linearised (in HW -Lin V I) through E2 = E o ^ + b U “ , 
where calibration constants are automatically retrieved from tables. The mean 
values are therefore defined by:
,  nb-1  
U o = a v j [ ( ^  ^ U i ) ] n d
nb
and u'2 = a v j[ (^ ^ (U i-U o )2 ]n d
" A
The front panel of the instrument (which was shown in figure 4.11) is reproduced 
here (in figure B3) with the block diagrams. The ADC channel to be sampled is 
selected via switch 'a’, with the sampling criteria specified in cluster ‘b’. Cluster
'c' displays on-going averages. The final averaged values are stored in array (d).
The display shows the normalised velocity signal and, as in the calibration 
routines, only a portion of the sample is displayed and the screen is refreshed at
the return of each block of data.
Spectral M easurem ent V is
The spectra Vis collect data and compute the averaged power spectral density 
from n^ blocks of data (each containing n^ consecutive sample points) so that E(f)
is defined as:
E(f) = {avj[ u'2 ( f ,d f ) ]n j} /d f .
The spectral estimates are determined using Lab VIEW'S own library V I which 
employs EFT routines. These are described in the user manual. A  convention to be 
observed here is that the number of elements in the input sequence nb (which is
specified by the user) must be a power of two: nb = 2™ , m =1,2............... ,23; the
implemented DFT is defined in the standard way, as given in 4.3. The front panels 
of the spectra instruments show displays of the normalised velocity signal (of a 
selected channel) and the averaged power spectra (up to the Nyquist frequency). 
Figure B4 shows the front panel of the single wire V I. The final averaged values 
are output in array 'c' which (optionally) can be saved to file' (in a tabulated text 
format, accessible from Excel). Optionally a reduced spectrum can be saved in
which spectral estimates are extracted at fixed intervals, lo g [(fi+ i)/(fi)]= co n s tan t. 
This option significantly reduces the size of a large number of estimates (which
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in some cases is unavoidable) and is commendable where only the shape of the 
spectral curve is required; a typical example of a spectrum obtained in this way 
from an original 514 estimates is shown in figure 4.8b (in the main text).
The actual sampling rate that is used does not always exactly equal the user 
specified rate (fg) although it is always very close to it. In the example shown (in 
figure B4a), the user specified fs=1000Hz but the actual sampling rate used was 
100IH z  (as indicated in 'a' &  'b' respectively). The deviation depends on the 
desired fg, but for most values this does not exceed ±0.2%. The actual sampling 
rate is determined by the CED internal clock divide-down (parameters pre and 
count in the CED command structure, see CED manuals). In the computation of the 
spectral sequence, the actual sampling frequency returned by '1401clkdiv‘ (as 
described in appendix A) is used. The spectrum V I also includes 1703 comer 
frequency set-routine which sets the 1703 low-pass filter to the Nyquist 
frequency.
The A u to co rre la tio n  VI
The autocorrelation V I is shown in figure B5. The V I implements the digital form 
of the autocorrelation function, as defined in Castro (1989), in which estimates of 
R (t ) are computed from ny samples obtained at periodic intervals At ( = l/fg ), so 
that,
1 nb- m
R (m A x) = — -—  2 ^ '( iA T ).u '( iA T + m A x ), n b -m  .= Q
where m= 0,1,2,................M-1
and
Y  u'2
U j is the instantaneous velocity and U q is the time averaged mean velocity. From 
the ny sample points there are at most as many consecutive estimates of R (x ). 
However, the number of cross products contributing to each estimate falls as m 
increases. The maximum number of estimates (M ), therefore, must be chosen to 
be much less than ny in order to reduce the difference in variability between 
estimates for long and short time lags. The normalised velocity signal and 
computed R(x) values are displayed in the front panel graphs; the example shown
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(in figure B5) is not of a real velocity signal. R(t ) values are output in array 'a' 
which can be saved to file. Front panel controls are similar to those discussed
above (for the case of [U+u']vi).
The cross-correlation  VI
The crosscorrelation V I computes Ru,x defined as.
u'iu'j
Ru,) V u’i^ Y u*j2
where u'i.u’j=u'(x)u’(x+r). Cross products are averaged over m blocks of data each 
containing N  number of samples. Data is captured simultaneously from both
wires (using ADCBST CED waveform sample command). The Sample routine is
contained in a separate subVI which returns D U iU j, E U i^ , ^ U j,  and (for
each block of data). The products are accumulated (to the mth step) in a 'shift
registers' of a 'for loop’. In this way the covariance and root mean squares are 
computed. The front panel of the V I is shown in figure B6a. The correlation
coefficient is output to array 'R ll '.  An optional 'break-point' is provided for 
additional data input which is either appended to the R l l  array or (optionally) it
is assigned to the alphanumeric array 're f. The array are assigned to the
connector pane. The break-point subVI is set-up to run when activated to
retrieve and displays the current position [x,y] of the traverse. The front panel 
controls are not very different to those discussed above.
Figure B6b shows the front panel of an integrated measurement package in
which the crosscorrelation V I is incorporated with traverse interface, data 
reduction, and file handling Vis. The main options include creation of data file, 
data capture and computation of the correlation coefficient, retrieval of current 
front panel logged data and/or data that is already in file, and repositioning of
traverse to a new location.
Each activity is executed only when the option key is activated. That is, running 
the V I while only the traverse control key 'reset' is depressed w ill result in the
action of the traverse-reset key alone. The traverse control options: init, reset, 
and traverse, operate in the same way as in the main Traverse Control V I (which 
is described in appendix C). The 'create file' key in the main option cluster opens
a subVI for creation of a new data file where column labels and a title may be
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entered. The ‘measure* key opens the measurement subVI, which in this example 
is the crosscorrelation measurement routine, but it could be replaced by any of 
the other measurement routines described above. The measurement V I is
interfaced with a data reduction package which incorporates a 'formula structure’ 
assigned with eight outputs. The outputs are computed from the measured values 
and pre-defined constants via the assigned formulae, where the measured values
are those contained in the two data arrays assigned to the connector pane of the 
measurement V I. Prior to taking measurements the data reduction V I is 
configured with the necessary constants assigned (and set to default) and 
formulae redefined where necessary. The latter is accessible only via the block 
diagram. In this way it was possible to reconfigure quickly the main package 
with any one of the many measurement V is, with different output values,
redefine constants and formulae, e.g. for computation of the base pressure
coefficient, Strouhal number, etc., and tabulate the results with references to 
spectral files and raw data files. However, such flexibility does not lend itself to 
general instrumentation (and is not necessary for specific instrumentation) as 
errors in defining formulae or assigning inputs can easily be made.
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A P P E N D I X  C
T R A V E R S E  L a b V I E W  I N T E R F A C E
The Traverse Control VI
The traverse control LabVIEW interface V I is an upgrade from the original drive
implemented using a commodore computer (Lightfoot, 1988). The present 
instrument provides all of the previous functions integrated in a single package 
which can be nested to access traverse controls from measurement Vis. The front
panel of the integrated package is shown below. Figure C l shows the main
sub Vis. The instrument provides two traversing options. Firstly, for movement of 
the probe relative to a datum point, and secondly for incremental movement 
relative to the current position (selectable via the 'mode' switch on the front
panel). The datum point is set by X j , Y j  (in array-2) which specifies the 
coordinates x,y relative to absolute zero. Xf,yr specifies the current position of the 
probe relative to the datum point so that, i f  during specification of the datum 
point the probe is located at the datum point, Xr=yr=0. Co-ordinates X+,Y+,X_,Y_ (in 
array-1) set the (+ve) and (-ve) limits of the probe movement relative to absolute 
zero. A table of the various coordinates (which also contain channel information
- W I
x+ X- Y+ Y-
—
i n i t
R ese t to  datum
R e la t iv e
i
mode
 ^ 0.0, 0.0 I t x r , Wrl
J g Run 
1 X mm
t r a v e r s e
mm
Traverse Control Panel.
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and pulse rate) is kept in file. The table is updated only when 'init' button (which 
stands for initialisation) is activated. The movement of the traverse is based on 
the table values.
The display shows the current position of the probe and pictorially outlines the 
border limits specified. The current position of the probe (i.e. Xr,yr) is also output 
to the digital indicator. The motion of the probe (inputs x,y: which also stand for
Ax, A y in the increment mode of operation) is accomplished via the 'traverse'
button. A ll coordinates are specified in mm and fractions of mm. The 'reset to
datum' button moves the probe to the datum point.
The 2-D traversing mechanism (which has span travel of 600mm in each 
direction) is supplied by Dantec together with the interfacing integrated circuit. 
The mechanism is driven by dc-stepping motors (56H01/57H10) with digital 
position feedback derived from optical encoder pulses. The board has four output 
channels any of which can be used to supply the motors. However, best results, 
with the current EPROM, are obtained from channel 1 for vertical motion (56H01) 
and channel 2 for horizontal motion (57H10). These channels (as well as the pulse 
rates, per mm) are specified internally in sub-Vl 'Travlnit' (figure C la). The 
pulse rates and channel numbers are summarised in the table below. 
Communication with the traverse interface is established in subVI 'Trav' (figure 
C Ib) which can be used (independently) to drive the mechanism. The only inputs 
required in this case are the channel no., pulse rate and the travel distance (±) .
Mot ion Motor Channel no. Pulse rate/mm
Vertical motion 56H01 1 463
Horizontal motion 57H10 2 240
Calibrated Pulse Rates.
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Escape Commands to  MOI I n t f c .
f B 1 | t □T
GFNB ESC Command string configured
1 2^ 1 #0.0000
in tfc. response count Serial p o l1
GPIB
ESC Comrriand
( a )
MD1
ESC
1401 Esc
Serial poll 
Intfc response
GPIB Read/Write vi
^ I  { S e le c t  S a i t c h
Instrument Address
( b )
ERR: l i l D Q Ur I te status
GPIB Error
1D I Bytes to Read
GPIB Error
Ser i a i po I
To access 1401 commands library EXCUTE and open 
1401COMDS folder. Commands are downloaded by 
selecting and opening individual files, (in MAC style)
GPIB
S/poll s ta rt 
^ ^ 2 ]  S/po I I end
Comm name length In bytes
command code
{ C )
1401 CommandLoad
G P IB -r /v
Figure A1.
Computes MOI 'optima]'clock divide
10000 ReqdFreq
J I ^ ^ ^ ^ ^ U c i o c k R a te  (1 o r  4 MHz ) 
Mo. o f  chan Is
0000J  s e le c te d F p e q
E 2 pre
count
ReqdFreq 
ClockRate ( 1 or 4 MHz) 
No. of chanls
1UD1
[Ik liiu.
selectedFreq
•pre
count
1401c1ckd1v
Figure A2a.
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Confiaures channel selection to 1401 commandWord
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r main control options |—Data File path name
create file
retrieveSAVE
fro n tp a n n e
hd-80sc :WindTunnel :d 
ta:EC0RR01
lIIp.
U lo .
L Data Array
File error
reset
Traverse
x,y [mm]traverse controls
Data columns labels
probe position
Incremental traverse displacement —'
Figure B6b.
Initialises ref. table, to current values.
!#l|0 #1180.0 l é -280.0 1 #  235.0 ||i#j-235.Ô j
limits : x,yl[mm)
izjio 1
datum and current relative position of probe : x .yimm)
Ifllo  1 jlSO.O IIÏ235.0 1
i#l|o 1 1-280.0 |j 1-235.0 I
0.0 !Joo
2.0 i l l  .0
1240.0 11463.0
jo.o lio.o
Y+  
X -  Y -  
X d  Y d  
X c  Y c  
X f  Y f  
X r  Y r
TravConf
+ve travel limit 
-  -ve Travel limit
  Datum
  Channel no.
  Pulse Rate/mm
  Current probe coordinates
( a ) Travinit
Configures and sends the FiveByteWord : 
The channel, Direction and Number of pulses.
ChanneI
Channel 
Trav mm 
Pulses/mm
trav.
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